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INTRODUCTION 

Catalytic alkylation of aromatics using zeolites has been the  subject of much 
research, because it is essential to match the dimensions between reactants, products, 
and zeolite pore to achieve highly shape-selective catalysis [1,2]. H-Mordenites have 
been found as potential catalysts for the shape-selective alkylation of polynuclear 
aromatics such as biphenyl [3-91, naphthalene [lo-141, and terphenyl [151. We 
previously described the activity and the selectivity of the slimmest DIPB isomers, 
4,4'-DIPB, were enhanced by the dealumination because of reactions inside pores, 
and discussed the participation of external acid sites for the H-mordenite with the 
low Sio?/d203 ratio because the pores were choked by coke-deposition [3-7]. However, 
mechanisms of the catalysis by acid sites and of the steric requirement of substrate 
and products in mordenite pores have not been fully understood. 

In this paper, we describe the effect of propylene pressure on the isopropylation 
of biphenyl over a highly dealuminated H-mordenite, and discuss the role of acid 
sites at  intracrystalline and external surfaces. 

EXPERIMENTAL 

Catalyata and reagents. H-Mordenite (HM(Z2Q), SiWAlfi = 220) was obtained 
from Tosoh Corporation, Tokyo, Japan, and calcined at  500 'C just before use for 
the reactions. Biphenyl and propylene were purchased from Tokyo Kasei Co. Ltd., 
Tokyo, Japan, and used without further purifications. 

The alkylation was carried out without solvent using a 100 or 
200 ml autoclave. Oxygen in the autoclave containing biphenyl and HM(220) was 
purged out with flashing N2 before heating. After reaching reaction temperature, 
propylene was supplied to the autoclave and kept at  a constant pressure throughout 
the reaction. A standard set of the reaction included: 200 mmol of biphenyl, 2 g 
of HM(220), 0.8 MPa of propylene pressure, and 250 "C of temperature. Propylene 
pressure was expressed by the difference between before and after the introduction 
of propylene. 

Isomerization of 4,4'-DIPB. The isomerization of 4,4'-DIPB was examined 
under the condition as follows: 100 mmol of 4,4'-DIPB, 1 g of HM(220), 0-0.8 MPa 
of propylene pressure, 250 "C of temperature, and 4 h of period. 

Product analysis. The products were analyzed with a HP-5890 GC equipped 
with a 25 ml Ultra-1 capillary column, and identified with a HP-5978 GC-MS. The 
yield of every product was calculated on the basis of biphenyl used for the reaction, 
and the selectivities of each IPBP and DIPB isomers are expressed as: 

Alkylation. 

Each DIPB (IPBP) isomer (mmol) 

Total DIPB (IPBP) isomers (mmol) 
Selectivity of DIPB (IPBP) isomers = 

RESULTS and DISCUSSION 

Effects of propylene pressure on t he  isopropylation 
The isopropylation over HM(220) reached to above 80 % of conversion within 

800 min a t  250 "C under every propylene pressure among 0.1-0.8 MPa as shown 
in Fig. 1. No significant effect of propylene pressure was observed in the initial 
rate of the isopropylation although there were some differences in the late stage. 
These results showed that primarily principal reaction was the alkylation over KM(220) 
under every pressure. Figure 2 shows the profile of the formation of isopropylbiphenyl 
(IPBP), diisopropylbiphenyl,@IPB), and triisopropylbiphenyl CnIPB) isomers expressed 
on the basis of the converslon of biphenyl under various propylene pressures. The 
yield of products under every pressure was on the same plot. These profiles show 
that the alkylation proceeds by the same reaction paths under every propylene pressure. 
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&?me 3 shows the effect of pressure on the yield of 4- and 3-IPEiP. No swmt 
effects of propylene pressure on the yields were observed. The yield of 4-IPI3P reached 
the maximum at 50-60 96 conversion, and decreased as further alkylation proceeded. 
On the other hand, the yield of 3-IPBP increased monotonously with the conversion 
of biphenyl. The predominant formation of 4-IPBP in the isopropylation of biphenyl 

IPBp isomers occurs through the shape selective catalysis inside the pores at  any 
Propylene pressures. The isomerization of IPBP isomers was not observed under 
these Conditions. The difference of the formation of 4- and 3-IPBP isomers can be 
understood on the difference of their participation to form DIPB isomers. The profiles 
of 3- and 4-IPBP shows that 4-IPBP is a sole precursor to produce DIPB isomers, 
and that 3-IPBP does not participate to +e formation of 3,4'-DIPB, at least, except 
the late stage of the reaction. Highly selective formation of 4,4'-DIPB is also ascribed 
to the shape selective catalysis inside H-mordenite pores. The higher selectivity of 
4,4'-DIPB compared to that of 4-IPBP shows that the isopropyl group of 4-IPBP gives 
more severe restriction than the hydrogen group of biphenyl at the transition states 
between propylene, biphenyl, and acid sites in the pores. 

The formation of 4,4'-DIPB over HM(220) was much influenced by propylene 
pressure as shown in Fig. 4. The selectivities were as high as 80 % under all pressure 
conditions at early stages, and kept almost constant during the reaction under higher 
pressures than 0.3 MPa' However, the decrease of the selectivity was observed under 
lower pressures than 0.2 MPa, although no significant effects of pressure on the 
selectivities were observed in the formation of IPBP isomers. The decrease of the 
selectivity of 4,4'-DIPB corresponded to the increase of that of 3,4'-DIPB. The yields 
of 4,4'- and 3,4'-DIPB were in linear relations to the yield of combined DIPB isomers 
under higher pressure than 0.3 MPa. These results show that the alkylation occurs 
in steady state under high propylene pressures. The yield of 4,4'-DIPB under such 
a low pressure as 0.1 MPa was deviated downwards from the linear plot under higher 
pressures, and the upward deviation occurred for the yield of 3,4'-DIPB. The amount 
of 4,4'-DIPB decreased after reaching the maximum at higher conversion. The inq-ease 
of the yield of 3,4'-DIPB corresponded to the decrease of the case of 4,4'-DIPB. These 
results show that the decrease of the selectivity of 4,4'-DIPB is not due to the change 
of shape-selectivity of the pore, but to its isomerization to 3,4'-DIPB because 3,4'-DIPB 
is more thermodynamically stable isomer than 4,4'-DIPB. The analysis of the products 
encapsulated inside the pores after the reaction showed that the distribution of 4,4'-DIF'B 
was as high as 90 % under every propylene pressure [16]. 

Further isopropylation of 4,4'-DIPB occurred only in a small amount even under 
high propylene pressure. This means that alkylation of 4,4'-DIPB is prevented in 
the pore. H-mordenite pore allows the formation of 4- and 3-IPBP, and 4,4'- and 
3,4'-DIPB, while the formation of TrIPB is forbidden in the pore. 

Takahata and his co-workers found also the increase of the selectivity of 4,4'-DIPB 
with raising propylene pressure over H-mordenite with the low siOy'M203 ratio [17]. 
Fellmann proposed that the increase of the selectivity was ascribed to the steric crowding 
with accumulation of propylene at  the active sites [IS]. However, our results show 
that the change of the selectivity of 4,4'-DIPB with propylene pressure is due to the 
isomerization of 4,4'-DIPB by preferential adsorption of propylene a t  the external 
surface as discussed above. 

The behavior of 4,4'-DIPB under propylene pressure 
The behavior of 4,4'-DIPB during the reaction is one of the essential factors 

for product distributions. Figure 5 shows the stability of 4,4'-DIPB in the presence 
of propylene pressure over HM(220). Without propylene or under low propylene 
pressure, 4,4'-DIPB was isomerized significantly to 3,4'-DIPB accompanying IPBP 
isomers formed by the dealkylation. 'However, the formation of 3,4'-DIPB decreased 
with the increase of propylene pressure. These tendencies correspond well with the 
influences of propylene pressure in the alkylation. 4,4'-DIPB was found as exclusive 
isomer encapsulated in H-mordenites under these conditions (16). These results 
lead us to conclude that active sites for the isomerization of 4,4'-DIPB are not inside 
the pores, but at external surface. The inhibition of the isomerization under high 
propylene pressure show that propylene adsorbs more preferentially than 4,4'-DIPB 
does. Adsorbed propylene prevents the adsorption of 4,4'-DIPB, and retards its 
isomerization. However, the adsorption of 4,4'-DIPB predominates over that of propylene 
under low propylene pressure to result in the enhancement of its isomerization. 

Further isopropylation of 4,4'-DIPB under the conditions was observed only in 
small amounts even under high propylene pressure; ie.,  the alkylation of 4,4'-DIPB 
is prevented inside the pores. This is one of the reasons why shape-selective 
isopropylation occurs in the catalysis of H-mordenite. H-mordenite pore allows 
the formation of 3- and 4-IPBP, and 4,4'- and 3,4'-DIPB, while the formation of TrIPB 
is forbidden in the pores. The higher steric restriction of 3,4'-DIPB compared with 
that of 4,4'-DIPB results in the lowly formation of 3,4'-DIPB because molecular diameter 
of the former isomer is bigger than that of the latter. The relatively high amount. 
of nIPB was observed in the isomerization of 4,4'-DIPB under 0.1 MPa. TrIPB 
is formed by the alkylation of DIPB isomers at the external surface because of low 
propylene pressure. 

. 
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Mechanistic aspects on the catalysis 
The isopropylation of biphenyl over H-mordenite occurred inside the pores 

by successive addition of propylene to biphenyl. Principal factor controlling the catalysis 
is ascribed to steric restriction at the transition state composing biphenyl, propylene, 
and acid sites. Predominant formation of 4-IPBP in the isopropylation of biphenyl 
to IPBP isomers proceeds through the shape selective catalysis inside the pores. 
The difference of 4- and 3-IPBP isomers for their formation and for their alkylation 
to DIPB isomers is ascribed to the difference of their accommodations inside the pores. 
4-IPBP is a sole precursor to form DIPB isomers, and that 3-IPBP does not participate 
in the formation of 3,4-DIPB. Higher selectivity of 4,4'-DIPB compared with that 
of 4-IPBP is due to the bulkiness of 4'-isopropyl group in 4-IPBP. 

Propylene pressure changed significantly the selectivity of DIPB isomers in the 
isopropylation of biphenyl over H-mordenite. The isomerization of 4,4'-DIPB occurred 
under low pressure of propylene. However, total formations of IPBP and DIPB isomers 
were on the same profiles under any propylene pressure. This means that the 
isomerization occurs after the formation of 4,4'-DIPB. The distribution of 4,4'-DIPB 
encapsulated in the pores was highly selective under any pressures 1161. These results 
support that the isomerization of 4,4'-DIPB occurs a t  the external acid sites. The 
isomerization under high propylene pressures is prevented by the preferential adsorption 
of propylene on the acid sites, whereas under low propylene pressure, the adsorption 
of 4,4'-DIPB predominates over that of propylene, and thus, the isomerization of 4,4'- 
DIPB occurs a t  external acid sites. 

The high selectivity of 4,4'-DIPB during the isopropylation suggests that the 
difference of the rate among acid sites at intracrysatlline and external surface is 
not so significant. It also reflects the amount of acid sites a t  the surfaces. 
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Fig. 1 Effect of propylene pressure on catalytic activity of HM(220) in the isopropylation 
of biphenyl. Reaction conditions: biphenyl 400 m o l ,  HM(220) 2 g, propylene pressure 
0.1-0.8 MPa, temperature 250 'C. 
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Fig. 2 Product Profile of the isopropylation of biphenyl. Reaction conditions were 
the same as  Fig. 1. 
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Fig. 3 Effect of propylene pressure on the yield of 4- and 3-IPBP over HM(220). 
Reaction conditions were the  same as Fig. 1. 
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Fig. 4 
Reaction conditions were the same as Fig. 1. 

Effect of propylene pressure on the yield of 4,4‘- and 3,4’-DIPB over HM(220). 
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Fig. 5 Effect of propylene pressure on the isomerization of 4,4’-DIPB over HM(220). 
Reaction conditions: 4,4’-DIPB 100 m o l ,  HM(220) 1 g, temperature 250 ‘C, period 
-1 h. 
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INTRODUCTION 
Whereas the use of zeolite catalysts has been widely investigated for the shape- 

selective conversions of mononuclear aromatic hydrocarbons, such as alkylation of 
toluene or isomerization of xylenesl-3, in contrast relatively few reports are 
available on the conversion of polynuclear aromatics, such as naphthalene 
derivatives. Among the latter, 2,6-dialkylnaphthalenes are the most valuable 
compounds, since, as precursors of 2,6-naphthalene dicarboxylic acid, they are 
potentially useful raw materials for production of high quality polyester fibers and 
plastics4 and of thermotropic liquid crystal polymerss. 

The interest of such derivatives was shown, in the recent years, by the 
increasing number of patents relevant to their preparation and separation. 
Following the pionneering work of Fraenkel et al? on the alkylation of 
naphthalene with methanol over various zeolites, much attention has been paid, 
in the early nineties, to studies on the activity and selectivity of zeolites in the 
isopropylation of naphthalene’-9. The interest of the use of bulky substituents in 
such reactions over zeolites has been clearly demonstrated by recent papers10-*2. 

The present communication is concerned with the results obtained in the 
alkylation of naphthalene over a series of HM and HY zeolites, using isopropyl 
bromide, cyclohexyl bromide and cyclohexene as alkylating agents, under liquid- 
phase conditions, leading to a better regulation of the reaction pathway. 

EXPERIMENTAL 
Materials. Analytical grade cyclohexane, isopropyl bromide, cyclohexyl 

bromide, cyclohexene and naphthalene (Aldrich Chemical) were used as supplied. 
Catalysts. H mordenite (Zeolon 100-H, Si/Al = 6.9 from Norton) and three 

dealuminated mordenites were used for the isopropylation reactions. The 
dealuminated mordenites were prepared, according the published procedurel3, 
from Zeolon 100-H (HM) by treatment in 1M HCI solution at 100°C for 3 h or 
refluxing in 3 M HCI solution for 6 h or in 6 M HCI solution for 12 h. The resulting 
powders, washed and oven dried at llO°C, had Si/Al atomic ratios of 9 (HMI), 13.1 
(IIMz), and 20.6 (1-hf3). The HY catalyst was derived from the thermal 
decomposition of NH4Y (Linde SK 41, Si/AI = 2.5 from Union Carbide). The US-HY 
was supplied by Chemisch Fabrik Uetikon, Zurich (26-05-01, Si/AI = 2.5). The CVD- 
modified zeolites were obtained according the silanation procedureg, and fully 
characterized by various techNcs14. 

For the cyclohexylation reactions, the US-HY used was the same as above. The 
dealuminated HY (Si/Al = 19.5) and HM (%/AI = 10.8) were from Zeocat, Montoir 
de Bretagne (ZF 520 and ZM 510). 

Catalytic runs. The isopropylation of naphthalene was carried out in a 0.1 liter 
stirred autoclave reactor (Sotelem). In a typical Nn, the autoclave was charged with 
1 of zeolite freshly calcined in air at SOOT, a mixture of 5 mmol naphthalene and 
10 mmol isopropyl bromide in 50 ml of cyclohexane and heated to 200°C. Samples 
were withdrawn periodically and analyzed by GLC (Altech OW capillary column, 10 
m or 25 m x 0.25mm). 

reactions with cyclohexyl bromide. When cyclohexene was used, the procedure was 
the following: the autoclave was charged with naphthalene (5 mmol), cyclohexane 
(50 ml) and the catalyst (1 g), and heating was started; cyclohexene (10 mmol) was 
then added, drop by drop, by means of a stainless steel pressurized funnel, and the 

// 

I The same procedure and analysis technic were used for cyclohexylation 
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niixture was stirred in tlie same conditions as above. 
For the isolalion and purificalion of 2,6-dicycloliexyInaplithalene, the 

procedure was l l ie following: afler cooling, tlie calalysl was fillered and cyclohexane 
evaporaled; tlie crude product solidified at room temperature, [lie solid was then 
fillered and recrystallized f rom elhanol (my 152°C afler two  recryslallizalioiis). The 
structure was confirmed by GC-MS, I f 1  and 1% NMK speclroscopy together w i l l i  X- 
ray crystallography~5. 

RESULTS A N D  DISCUSSION 
lsopropylat ion reaction over HM and IIY zeolites. The isopropylation of 

naplill ialene with isopropyl bromide over a series of niordeiiiles and Y zeolites 
show that bo l l i  conversion and seleclivity depend largely upon tlie nature and the 
slruclure of l l ie calalysl. Tl ie main resulls, obtained in l l i is study and reporled in 
Table 1, can be summarized as follows: 
- morcleiiites are less active than Y zeolites; 
- i n  bo l l i  cases, a high p-selectivity is found, leading to the selective formation of 2- 
iso~~ro~~yliiap1il1ialene and a mix ture of 2,6- + 2,7-diiso~~ropylnaplillialenes; 
- l l ie  formation of Irialkylnaplitlialenes cannot be avoided over untrealed zeolites. 

T h e  or ig in  of l l ie high pselectivily observed is  differeiil depending on tlie 
zeolite. Over H-mordenites, such a selectivily is explained as Ilie result of 
transition-stale shape seleclivity, due lo Ihe constrained environment in tlie 
channels of tlie mordenile; the steric hindrance of the I-isopropyliiaplillialene (u- 
isomer) does not allow its formation inside tlie tight one-dimensional tunnels of 
tlie zeolite. Over Y zeoliles, tlie pseleclivity has been shown to be due to a 
thermodynamic equi l ibr ium favorable to the 2-isopropyliiaplitlialene; [lie 1- 
isoproi~yliiaplillialene (kinetic product) is i i i i l ial ly formed inside llie tliree- 
dimensional large-pore slructure of Y zeolites, and i t  is then rearranged into tlie 2- 
isonier (Iliermodynamic product) at high temperatures. 

Over I l ie  two kinds of zeolites, 2,6- and 2,7-diisopropylna~~litlialenes are tlie 
main disubstituted derivatives. Such a result i s  expected taking into account tlie p 
seleclivity observed in the monoisopropylation step, wliatever [lie origin of this 
selecl ivity. 

I n  both cases, in our  experimental conditions, the same distribulion belween 
llie 2,6- and 2,7- isomers (2,6-/2,7- ratio = 1) is observed; such a result seems not 
surprising, i f  we consider Ihat  these two  isomers have tlie same kinetic diameter 
(6.5A), and that l l ieir  production and subsequent diffusion in tlie pores o r  cavities of 
zeolites occur in the same way. Nevertheless, a higher 2,6-/2,7- ratio is generally 
observed over niordeiiites by some a u t l ~ o r s ~ ~ ~ ~ ~ ~ ;  various assumplions, such as 
differences in diffusion rates o r  in the ease of transition-slate formation for the two 
isomers, might explain these higher ratios, obtained in different experinienlal 
conditions. 

These results are very encouraging regnrding the efficiency of Ilie calalytic 
nclivity of zeolites in isopropylalion of naplillialene and h e i r  shape seleclivily 
properties. Nevertheless, the selective formation of the 2,6-isomer is not possible i n  
any case. T l ie  possibilily of an  improvemenl of such a seleclivity has then been 
considered by tlie use of eillier modif ied zeoliles or more hindered alkylal i i ig 
agenls. 

lsopropylat ion over C V D m o d i f i e d  zeolites. Shape-seleclivily of zeolites may 
be improved by reducing the number of active siles of the external surface. II is 
known Ilia1 silanation of zeolites leads not only lo such a deactivalion of the outer 
active sites bul also to a un i form control of the pore-opening size of the ze0l i le1~,~~.  
The “chemical vapor deposition” silanation metliodlR leads, iii parlicular, to a 
remarkable enliancemenl of the reaclanl and product sl iape-select iv i ty~9~~~.  

Over such CVD-modif ied zeoliles, the formation of tlie bulky 
tria~kyltia~~lit~ialenes is lotally suppressed i n  l l i e  case of niordenites, and 
considerably reduced w i t h  tlie t i Y  zeolites (2% compired wi th  14% over l l ie 
untreated zeolite) (Table 1). Such a result clearly demoiilrales that t l ie trialkylation 
reaction occurs on  l l ie  acidic siles located o n  tlie external surface of mordeniles. The 
acidic outer siles o f  the IIY zeolites are also largely involved in tlie formation of tlie 
triisopropyl derivatives, which can be, neverlheless, produced also inside the 
cavities of these three-dimensional large-pore Y zeolites. 

The results obtained in the isopropylation of the 2-isopropyliiaplillialene over 
CVD-modified H Y  zeolite, i.e. a drastic decrease in the amount of 
triisopropyliiaplitlialenes (4% instead of 18% over tlie untreated f4Y), leading lo an 
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enliancetiiell~ of [lie pseleclivily over the CVD-modified 1 I Y  for IIiis reaclioti (85x1, 
cod i r l i i  such an  involvement. 

Wilh CVD-modif ied 1 IM, l l ie 2-isopropyltiaplillialetie is l l ie major product 
(90% a1 10% coilversion); despile (lie l o w  conversion, Ili is resull inusl be lakeii into 
accounl because 2-isopropylnaplillialene can be easily separated from l l ie reaclion 
iii ixlure by siinple dislillation, and then isopropylaled as slarling material for 
diisopropylnalvlllllalelie production. W i l l i  CVD-modified I-IY zeolites, a high p- 
sdeclivily (>90X) is oblained, corresponding lo 63% ot 2-isopropylnaplillialene and 
30% of 2.6- + 2,7-diisopropylnaphllialenes at 70% conversion. 

The overall resulls show that, from a synllielic poiti1 ot view, the CVD- 
modified zeolites appear IO be the best calalysts wi t t i  wl i icl i  i t  is possible to 
selectively obtain p- and ~ p ' -  isomers. 

Cycluliexylatiun reaction over IIY zeolites. As already said above, no seleclivily 
in 2,6-diiso~~ro~~ylnaplillialene could be found despite (lie liindrance of llte 
isopropyl group; moreover, the separalion of 2.6- and 2,7-diisopropyl isomers is 
very difficult. 11 was reported that, in the cycloliexylalion reaclioti of naplillialene 
under conventional conditions (i.e. over Friedel-Crafts calalysls, such as aluminum 
chloride), ll ie 2,6-dicycloliexyInaplilhalene could be isolaled, in a very low yield, 
from the reaclion mixture by crystallizalion21.22. 

Taking inlo account such a property and the sleric hindrance of l l ie cycloliexyl 
group, we studied the catalylic aclivilies of a sample of I t-mordenile and IWO 
samples o f  I I Y  zeolites in the cycloliexylation reaclion ot naplill ialene w i t h  
cycluliexyl bromide and cyclohexene respeclively (Table 2). 

The I h x m l e n i t e  presents a weak activity in l l ie reaclion wil l t  the cyclohexyl 
broiiiide, as shown by the l ow  conversion of naplillialene (676) a1 200"C, whereas 
the I I Y  zeoliles appear lo be very efficient even at lower temperalures. The 
ullraslable zeolile I - IY  (S i IAI  = 2.5) arid lhe dealutninaled sample (Si /A l  = 20) exl i ibi l  
siiiiilar aclivily and selectivities a1 Ihe same temperalures, as shown on Table 2. 
M e n  cycloliexene is used as the alkylating agenl instead of cycloliexyl broiiiide, a 
sliglil difference is observed i f  the reaclion is carried out under the same conditions 
(naplillialene and alkylal ing agent put together i n  the auloclave), due lo 
diinerisalion of cyclohexene. When cyclohexene is added drop by drop to tlie stirred 
mixlure, l l ie same resulls are illen obtained, bolh in conversion and seleclivity. 

The compir ison of cyclohexylalion w i th  isopropylalion of naplitlialene over 
l l ie ullraslable zeolile US-CIY under lhe same condilions is given on Table 3. In bolh 
reaclions, a high conversion of naphthalene is obtained after short reaction times 
(10 iiiiii w i th  cyclohexyl bromide, 1 Ii w i l l i  isopropyl bromide). 

The cyclohexylalion reaclion yields an  increasing amount of 2,6- and 2,7- 
dicycloliexyliiaplillialenes, logellier w i l h  a significant decreasing amourit of lr ialkyl 
derivatives due to the steric hindrance of (he cycloliexyl group, leading IO an 
iiiiprovernenl o f  l l i e  0-p' seleclivily (82% compared will1 71%). Neverllieless, [ l i e  
relative distribution of the 2,6- and 2,7- isomers does not dramatically change (2,6- 
/2,7- = 0.95 lor isopropyl arid 1.1 for cycloliexyl. Such a resull confirms lliel Y zeolites 
increase l l i e  141' selectivity, but do not lead to l l ie predoiiiitiaiil foritlation of otie 
given d ia lky l  isomer. 

The advantage of [lie cycloliexylation in comparison wit l t  the isolvropylation is 
direclly relaled lo Ilie physical properlies of l l ie 2,6-dicycloliexyInapliIIialene, wli icl i  
i s  sqiaraled from the mixture by crystallization. 

Pure 2,6-dicycluliexyIiia~lilIialeiie (while cryslals, nip = 152°C) is isolaled in 
tiiotlernle yields (19 lo 277%) depending on (lie zeolilesa. 
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As shown above, this crystalline 2,6-dicyclohexylnaphthalene contains a 
crystallographic symmetry centre; the cyclohexyl subsliluents adopt a chair 
conformation, and the presence of the two bulky substituents involves only a slight 
deviation from flatness for the naphthalene ring's. 

CONCLUSION 
The liquid-phase alkylation of naphthalene with hindered alkylating agents 

such as isopropyl and cyclohexyl derivatives can be carried out efficiently over HM 
and HY zeolites. High conversions and efficient 6-v selectivities are obtained after 
very short reaction times at 200°C. In the case of isopropylation with isopropyl 
bromide, the use of zeolites modified by silanation of the external surface leads to 
an improvement of such a selectivity by suppressing or reducing the formation of 
the triisopropyl derivatives. The use of cyclohexyl derivatives, cyclohexyl bromide 
or cyclohexene, as alkylating agents, yields, over HY zeolites, an increasing amount 
of 2,6- and 2,7-dicyclohexylnaphthalenes, together with a significant decreasing of 
the trialkyl derivatives. Moreover, the 2,6-di~clohexyInaphtlialene, a crystalline 
compound, is easily separated from the reaction mixture by crystallization, which is, 
to our knowledge, the first exemple of the production of a pure 2,6- 
dialkylnaphtlialene. 
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Table 1. Isopropylation of Naphlalene over a Spries of Untreated and CM) 
Modified Zeolites at 200°C with Isopropyl bromide 

J 

Catalyst lime. naphlh. product distribulion. D selectivity, 5% 
h 

0Wl.ll 
COIIY., s 

2bAiU 
D i m  E r l e c t  

MLEci DlPN Tu'N 
2-1PN 2.5 27- o l t m  

H M  24 18 81 4 4 3  8 72 09 

H M t  24 60 74 7 6 5  10 70 87 

HM2 24 20 61 13 11 9 9 74 a5 

HM3 24 16 55 14 13 7 9 80 82 

HY 1 e6 42 16 17 12 14 73 74 

US-HY 1 97 28 19 20 16 17 71 67 

CVD-HM I I O  90 3 4 3  0 70 97 

CVD-HY 1 70 63 15 15 5 2 w 93 

Table 2. Cyclohexylation of Naphtalene over Zeolites at ?OU' C with 
Cyclohe.lyl bromide (CB) and Cyclohexene (CH) 

Calalyrt Alkylal. lime, naphth. pmduct distribution, p. vlectivity 2% 
agent min cmv., D 

MCN CCN TCN 2b.-2.7- DCN 
MCN I X N  DCN 

Hhl CB 70 6 5 6 4 4  46 16 27 

H W  CB 10 % 31 67 2 6 43 82 

w 2 0  CB 10 94 53 46 1 0 43 79 

CHa 10 90 85 15 53 2o 36 

CHb 2S 98 4 4 5 4 2  7 41 n 

a CH charged together with naphthalene in the autoclave before heating. b CH added drop by drop. C time 
corresponding to the end of addltion of naphthalene. 

Table 3. lsopropylalion and Cyclohexylation of Naphtalene over US-HY Zeolite at 2OWC 
with Isopropyl bromide (IB) and Cyclohexyl bromide (CB) 

Alkyl. time naphlh. product distribution, s *lect,"Oty. 7. 

agenl min c a w 3   DAN^ - 
MANa 26 27- L6+2.7- o l k n  TANC DAN 

~~ 

Is 60 97 28 19 20 39 16 17 71 

CB 10 96 31 29 26 55 12 2 82 

1 MAN : manoalkylnaphthalenes. D A N  : dialkylnaphthalmes. =TAN : bialkylnaphthalenes. 
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REGIOSELECTIVE ISOPROPYLATION OF DINUCLEAR AROMATICS 
OVER DEALUMINATED MORDENITE CATALYSTS 

a r e w  D. scheuta and Chunshan Song 
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Fuel Science Program. 209 Academic Projects Building 

Pennsylvania State University, University Park, PA 16802 

Keywords: napht halene. biphenyl, shape-selective alkylation 

Summarv 
Selenivc addition of propylene tn naphthalene or biphenyl over dealuminated H.mordcnite 

(HM) r ~ r a l y s t s  is being used to produce 2.6-diisnpropylnaphth;1lene (2.6.DIPN) and 4.4'- 
diisopropylbiphenyl (4,4'-DIPB), respecrively. When oxidized, these selectively suhstituted 
dinuclcar ammatics become monomer!+ for liquid cryslalline polymers and engineering plastirs "' 
Wo. and others. have shown that IIM deolumination increases alkylation regiosclectivity for 
isopropylation of binuclear aromatics.6-'C In this paper. we more closely examine the effects of 
IIM dealurninat ion on catalyst anivity and regoselectivity, as well a s  effects on c:;italyst physical 
properties 

Two different mordcnitcs were dealuminated by mineral arid 1e;iching. HM 14 and I-IM38, 
having SiO~N20,  (mol ratio) of 14 and 38, respectively. For naphthalene isopropylation. dealu. 
mination of IIM14 increases the 2.6-DIPN isomer selectivity from 30 to 60%. Dealumination of 
HM.38 gives similar results but with lower rcgioselectivity. For comparison. 4,4'-DIPU 
regiosclcctivity was examined in biphenyl isopropylation over a series of mordenites with 
SiO~U,O, 14-230. Selectivity for the 4.4'-isomcr increased from 66 to 87%. Therefore, increased 
selectivity for the slimmest diisopmpyl-isomer with deahnination is a general property: it occurs 
with differrnt mordcmtr starting materials and different, but similar in srm and shape, reactant 
moleculcs. 

Selectivity for p-substitution of naphthalene seems tu correlate with changes in I I M  
mesopore volume brought about by deulumination. An increase in the mesopore volume is 
mirrored by an increase in 2.G-DIPN isomer selectivity. I i M  micropore voliimos do not chnngc 
appmciably I t  has been shown tha t  the two PP-disubstituted naphthalenes have nearly identical 
critical diameters. biit 2.6-DIPN has a somewhat more linear structure than 2.7.DIPN."6 
Consequently. 2,G-DII'N has a lower activation energy for diffusion in lIM.G This explains why 
HM catalysts typically give 2.61'2.7 DII'N isomer ratios greater than unity We have used X-ray 
powder diffraction to measure the dwrease in HM UNI cell volumes caused by dcalumination The 
2.61'2.7 DlPN ratio shows an approximate inverse relationship with the unit. cell volumes. A 
probable cuplanaition is that the unit cell contractions caused by dea1umin;ition decrease the 
channel diameter. slightly, resulting in more snug fit for the Pp-disubstituted isomers in the 
channels As if consequence, the difference in diffusion rates for 2.6- und 2.7-DIPN IS magnified. 

Catalyst Preparation. The procedures used in this work have been described earlier.' 
Mordenite catalysts CBV 10A (NaM14), CBV 20A (HM21) and CBV 30.4 (HM38) were supplied 
as 10 pm average particle size powders P Q  Corporation). HM14 was generated from NaM14 by 
sodium-exchanged with 1 M NH,Cl. Dealumination was accomplished by stirring HM in aqueous 
hydrochloric or nitric acid a t  reflux temperature. Time and acid concentration were varied to 
control the extent of aluminum removal. All catalysts were calcined 5.5 h at 465 "C except 
HM230. HM230 was prepared according to a procedure described by Lee e t  al. for extensive 
aluminum removal.'6 Accordingly, NaM14 was first treated a t  reflux with 1 M HCI to generate 
the HM54 sample. In the second step, HM54 was calcined a t  700 "C and treated with 6 M HNO,, 
followed by final calcination a t  700 'C. Samples were dissolved using lithium metaborate fusion 
and analyzed for silicon, aluminum and sodium by ICP-AES. Sorption data and residual sodium 
content for the catalysts are listed in Table 1. 

Catalyst Eualuotion. AS described previously, catalyst testing was done in a tubingbomb 
batch reactor charged with 0.10 6 catalyst, 1.0 g (7.8 mmol) naphthalene, and 0.66 g (15.fi mmol) 
propylene.' Naphthalene and biphenyl (Aldrich, 99% grades) and propylene (Matheson, 99.5 % 
minimum, polymer purity) were used bs supplied. Solution products were analyzed by GC-MS and 
GC-FID for qualitative and quantitative analyses. respectively, using a 30m x 0.25mm DB-17 
(J&W Scientific) column. 

X-ray powder diffraction GRD) was done on a Scintag 3100 diffractometer using nickel- 
filtered Cu K a  radiation. The Cu Ka2 component was stripped from the patterns using the 
standard Scintag algorithm, so the wavelength used in the calculations is 1.540598 A. Samples 
were mixed with ca. 10 wt% -325 mesh silicon internal standard for 28 corrections. The scan rate 
was 0.5" 201min with 0.02" steps. XRD pat tern indexing and determination of lattice constants 
for HM (CMC~I space group) was done using the JCPDS-NEWLSQ82 unit cell refinement 
computer p r ~ g r a m . ' ~  This program minimizes the sum S defined in equation 1, where Ocorr are  



I 

J 
I 
I 

the observed Bragg angles, corrected for instrumental and physical peak shifts, and OcaIC are  
calculated h m  the m n t  unit cell parameters and the weighting factors Whkk Starting values 
for Owlc are  de te rmind  from the input unit cell parameters which are  then adjusted, using a 
nonlinear least-squares method, to minimize S. This approach can lead to cell parameters 
accurate to a few parts in 1 0 , 0 0 0 . ~ ~  

Sorption analyses were done on either of two automated instruments: a Coulter SA 3100, or 
Quantachrome Autosorb. Samples were outgassed at 400 “C. Multipoint surface areas were 
calculated by the BET method. Micropore volumes were calculated using the T-plot method. 

Zsopmpylation ofNaphthalene. Catalyst test data for the two serigs of dealuminated HM 
catalysts is presented in Table 2. Greater than 98% of the products are  isopropylnaphthalenes 
UPN’s). The predominant side reactions result in small amounts of alkylnaphthalenes that are 
not solely isopropyl-substituted. Mass balances are greater than 96% in all  cases, with material 
losses being primarily attributed to carhonaceous deposits on the catalyst. 

The effects of dealumination on catalyst performance are shown in graphically in Figures 1-3. 
HM54 has abnormally low activity so its data for were omitted from these graphs because. 
HM230 has higher activity than expected, apparently due the higher activation temperature used 
in its preparation. Both HM14- and HM38 derived catalysts show similar activity patterns: 
naphthalene conversion first increases, then decreases as  aluminum is removed from the lattice 
(volcano plots, Figure 1). This type of activity trend is quite common for HM and is due to the 
decreasing acid site densit and increasing acid site strength that  occurs with dealumination as  

SiOdA120, ratios, probably due to gross depletion of acid sites. HM38-derived catalysts retain 
reasonable activity to higher ratios, indicative of higher acid site concentrations. HM93 (from 
HM38) shows a moisture loss on ignition 2.5 times the amount desorbed from HM90 (from 
HM14). This also suggests that HM38-derived catalysts have higher acid site concentrations than 
HM14-derived catlysts a t  the same Si0,/.N2O3 ratio. 

As shown in Figure 2, DIPN yield and selectivity are increased hy dealurnination up to the 
same maxima defined in Figure 1. Beyond these maxima, monoalkylation dominates and TrIPN+ 
production falls to near zero. However, p- substitution selectivity (%P-MIPN and %2,6-DIPN) 
continues to increase with more extensive aluminum removal (Figure 3). This means that  a larger 
fraction of the naphthalene and 2-MIPN molecules are  reacting within the confines of the HM 
channels where a-substitution is sterically blocked. Less reaction occurs on the external surface 
acid sites which are non-selective. The first alkylation step is much more rapid than the second. 
Furthermore, since ortho-substitution of naphthalene by propylene is sterically prevented, 
formation of TrIPN+ products must involve or-substitution. Consequently, TrIPN+ product 
concentrations also decrease considerably a t  higher levels of dealumination. Sugi e t  al. made 
similar observations on this reaction.’ They also showed that  the external-surface acid sites of 
HM I28 could be preferentially deactivated to improve P- substitution selectivity, while still 
maintaining the activity for selective substitution inside the channels. Figure 3 also shows that  
the ultimate attainable p- Substitution selectivity depends on the choice of HM starting material. 

The HM catalysts have, on average, 38% of the their total pore volume in the mesopore region 
(20-600 A diameter). Using XRD line-broadening, we determined the mean crystallite dimensions 
for HM14, HM74 and HMllO to be 0.23 f 0.02 pm, and for HM230, 0.14f 0.01 p m 5  Laser- 
scattering measurements reported by the manufacturer show that  the mordenite starting 
materials have average particle sizes of about 10 pm. It is likely that  most of the mesopore 
volume is in the intersticies between crystals in the catalyst particles, and dealumination 
increases the interstitial (mesopore) volume. 

The constraints of the microporous channels not only gives rise to the desired regioselective 
alkylations, but also impede diffusion of the desired products. If formation of the p-substituted 
products is diffusion limited, an  increase in the mesopore volume should increase the rate  of their 
production. Figure 4 shows that  the p-substitution selectivity does, in  fact, closely arallel HM 
mesopore volume. Lee e t  al. showed a similar trend for isopropylation of biphenyl.”To account 
for concurrent, but  less pronounced, increase in micropore volumes, it has been proposed that  
lattice-bound aluminum is removed from the 4-membered rings that  separate the 12-membered 
rings of the main channels h m  the neighboring 8-membered ring side-pockets.I8 Lee e t  al. have 
suggested that propylene may preferentially diffuse through these 8-membered ring channels that  
run perpendicular to the main channels, and are  inaccessible to naphthalene.I6 

Pore volume changes do not seem to explain why the 2,6/2,7 DIPN isomer ratio increases 
with dealumination, considering these two isomers have nearly identical critical  diameter^.^.^ 
Horsley et  ai. used molecular graphics screening and molecular mechanics calculations to provide 
convincing evidence that 2,6-DIPN, with its slightly more linear structure, has a lower activation 
energV for d f i s i o n  than 2,7-DIPN in the minochannels of HM.6 With its isopropyl groups on the 
same side of the molecule, steric repulsions are maximum when 2.7-DIPN diffuses into the pore 
windocus; whereas, diffusion of 2,6-DIPN is significantly less hindered.6 Since the channel 
diameter is obviously a critical parameter in determining the 2.6/2,7 DIPN ratio, we used X-ray 
powder diffraction to measure the changes in HM unit cell volumes caused by dealumination. 
These data are listed in Table 3. where the cited errors limits a re  the standard errors calculated 
by the LsQ82 program. Mordenite was the only phase detected in the patterns. HM79 seems to 
be an anomaly because its cell parameters are much lower than expected. The XRD pattern for 

catalyst is of low intensity suggesting that some structural collapse may have occurred during 

discussed elsewhere.6,18. 7 ’ Both series of catalysts show a severe loss in activity a t  high 
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its dealumination. Still, there is a general trend of unit cell contraction with dealumination, with 
the largest change being in the b-direction. HM71 shows the following magnitudes of contraction 
relative to HM14: a,  0.59%; b, 0.77%; c. 0.65%; and volume, 2.0%. As shown in Figure 5 for the 
six samples, excluding the anomalous HM79 data, the 2,6/2,7 DIPN ratio shows a n  approximate 
reciprocal relation to the changes in unit cell volume. A probable explanation is that  HM 
dealumination causes a slight shrinkage in the channel diameter that results in more snug fit Of 
the  2,6- and 2,7.DIPN isomers in the channels. Diffusion of 2.7-DIPN becomes even more 
hindered than in the non-dealuminated HM case. 

Zsopropylotion of Biphenyl. General applicability of the dealumination procedure for 
improvement of regioselectivity was evaluated by examining biphenyl isopropylation over selected 
dealuminated mordenites. The experimental results are  showdin Table 4 and in Figures 6-7. 
Greater than 99% of the products are  isopropylbiphenyls with a small percentage of other 
alkylbiphenyls which are not solely isopropyl-substituted. Tetrambst i tut ion of biphenyl is not 
observed. The trends in alkylation regioselectivity are  remarkably similar to those observed for 
the naphthalene reaction. Conversion and DIPB yield increase with initial dealumination, then 
both decrease a t  higher SiO,/AI,O, ratios. Formation of 3-MIPB is not effected much by 
dealurnination; whereas, the concentration of 2-MIPB in the product goes to near zero. Neglecting 
isomers with isopropyl groups ortho to each other, there are  10 possible DlPB isomers. We 
observe 9 peaks in the GC-MS having m/z of 238. At present, only the three DIPB isomers listed 
in Table 4 can be identified with certainty. Of the remaining 7 isomers, there  is the 3,5-isomer, 
and 6 isomers involving substitutionat the 2-position(s). Consequently, it is not so surprising that  
the concentrations of compounds labeled other-DIPB closely parallel the 2-MIPB concentrations. 

Overall, isopmpylation of biphenyl is a more eficient process than isopropylation of naphtha- 
lene. Separation of mono-, di- and polysubstituted products from each other is easy in comparison 
to separation of positional isomers. Dealuminated HM can give 4,4'-DIPB isomer selectivity over 
80%, and a n  isomer ratio with the next most concentrated isomer, 3,4'-DIPB, of about 8. On the 
other hand, selectivity for the target 2,6-DIPN isomer is only about 60% with a 2.6/2,7 DIPN not 
exceeding 2.3 in this work. It should be noted that  2.6-DIPN isomer selectivity of over 65%, with 
2,6/2,7 DIPN exceeding 2.6, can he achieved by adding a small amount of water to the reactor or 
by increasing the reaction t e m p e r a t ~ r e , ~  or by using isopropanol as  the alkylating agent.3 

Conclusions 
Dealumination of HM14 increases the 2,6-DIPN isomer selectivity from 30 to 60%. While a 

similar tend is observed for dealumination of HM38, lower regioselectivity is obtained. However, 
HM38 retains reasonable activity to higher Si0,/A1,03 ratios than HM14 does. Both factors 
demonstrate that  performance of the dealuminated catalysts is dependent upon the choice of 
starting material. In comparison biphenyl isopropylation experiments, it  was found that  4,4'-DIPB 
regioselectivity can be increased from 66 to 87% by HM dealumination. Therefore, increased selec- 
tivity for the slimmest diisopmpyl-isomer with dealumination is a general property: it  occurs with 
different mordenite starting materials and different, but similar in size and shape, reactant 
molecules. 

Comparing regioselectivity and sorption data, we found that  a higher percentage of reaction 
occurs in the confnes of the mordenite channels when the density of non-selective external 
surface acid sites is diminished by dealumination. Relative diffusion rates seem to be a major 
controlling factor in determining selectivity. Reducing diffusion resistance by increasing the 
mesopomus volume in the catalyst particle intersticies results in a n  increase in DIPN yield and 
2,6-DI PN isomer selectivity. 

As reported elsewhere, 2,6-DIPN has a slightly smaller critical diameter and lower activation 
energy for diffusion in HM than 2,7-DIPN.3,6 We used a careful analysis of the unit cell 
parameters to show that the 2,6/2,7 DIPN ratio increases as  the unit cell volumes decrease with 
aluminum removal. A prnhable explanation is that  HM dealumination causes as l igh t  shrinkage 
of the  channel diameter, increasing the difference in diffusion rates for 2,6- and 2,7-DIPN. 
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Table 1. Sorption Data and Residual Sodium 
Content for Mordenite Catalysts 

surface area, i / g  pore vo~ume, cm'/g 

catalyst NazO,wt% total micro meso total micro meso 

NaMl4' 6.24 466 457 10 0.312 0.174 0.138 

~ ~ 2 1 '  0.02 606 536 70 0.317 0.207 0.110 

HM38' 0.07 512 429 82 0.293 0.167 0.126 

HM14 0.19 nab'' na na na na na 

HM54 0.15 no na na na na na 

HM62 <0.01 504 413 91 0.250 0.163 0.087 

HM70 <0.01 556 395 161 0.280 0.180 0.099 

HM71 CO.01 572 497 75 0.419 0.191 0.125 

HM74 <0.01 583 509 74 0.385 0.1% 0.148 

HM79 0.14 na no na na no na 

HM90 <0.01 540 471 69 0.313 0.188 0.125 

HMB~ 0.01 no no no no no na 

HMllO <0.01 539 480 59 0.362 0.184 0.138 

~ ~ 1 4 0 ~  0.02 no na no na na no 

HMUO <0.01 498 437 60 0.342 0.168 0.136 

'Dataas reported by supplier. bNot avalble.eHM14andNaM14areassumdto 
have very similar sorption properties.' Produced by dealuminaton of HM38. 
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Table 2. Isopropylation of Naphthalene Test Data for 
HM14- and HM38-Derived Dealuminated Mordenites 

""it cell 
paramdm 

q A  
b.d 
c.A 

volume.A' 

product distnbution, mol% 
catalyst conv.,% MIPN DIPN TrIPN+' 

HM14 76 63 , 32 3.6 
HM54 43 75 22 1.2 
HM62 78 61 34 3.9 
HM70 82 52 40 5.6 
HM71 74 59 37 2.3 
HM74 47 75 23 0.6 
HM79 69 65 29 3.6 
HM90 36 79 19 0.9 
HMllO 15 84 14 0.4 
HMv0d 41 72 25 1.1 

HM14 HM54 HM71 HM74 HM79 H M l l O  HM230 

18.163*0.005 18.05Ii0.004 18.056*0.w6 18.091+0.009 17.947i0.016 18.075iO.006 18.047i0.008 

20.314*0.w4 20.162i0.005 20.157+0.oW 20.217i0.009 19.866i0.012 20.233*0.006 20.197+0.009 

7.490+0002 7.447i0.003 7.441i0.003 7.460a0.003 7.383a0.004 7.463*0.002 7.452in.003 

2764*1 2710*1 2708i1  2 7 3 0 i l  2632+2 2 7 3 0 i l  2717i2  

isomer distribution, mol% 

2-MIPNb 2,6DIP$ 2,7-DIP$ 2,6'L7 

60 33 19 1.76 
68 50 24 2.11 
54 29 16 1.78 
58 44 20 2.17 
64 51 22 2.29 
71 55 25 2.24 
59 39 21 1.86 
70 53 24 2.21 
83 61 30 2.05 
74 58 25 2.32 

HM38 73 60 34 4.4 58 39 19 1.99 
HM93 84 48 43 6.5 62 48 22 2.21 
HM140 38 77 21 0.4 73 56 25 2.20 

'Tri-and tetraisopropylnaphthalcnes. Mole percent in MIPN products. E Mole percent in 
DPN products.d Calcined at 700OC. 

Table 4. Isopropylation of Biphenyl 
Test Data for Selected Dealuminated H-Mordenites 

product MIPB isomer DIPB isomer 
distribution, ml% distribution. nul% distribution. ml% 

catalyst conv.,% MIPB DIPB TrIPB 2- 3- 4- 3.3'- 3,4'- 4,4'- other 
HM14 49 74 25 0.5 9.2 24 66 3.9 17 66 13.8 
HM21 60 64 33 1.5 8.1 26 66 3.0 I5 72 10.8 
HM38 71 54 42 3.0 10.2 28 62 2.7 13 72 12.2 
HM71 46 62 37 1.1 3.1 24 73 1.3 I 1  83 4.9 
HM230 23 67 32 0.5 2.0 I8 80 0.9 10 87 2.5 

101  . , , , , , , 

0 50 100 150 200 250 

SiOdAlrh (molar) 

Figure 1. Naphthalene conversions for HM14-derived (solid 
h e )  and HM38-derived (broken line) catalysts as a 
function nfSiO,/N20, ratio. 
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Figure 2. Naphthalene isopropylation product distributions for 
HM 14-derived (solid lines) and HM3B-derived (bra-, 
ken Lines) catalysts as a function of SiOz/Al,O, ratio. 
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Figure 3. Naphthalene isopmpylation isomer distributions for 
HM 14-derived (solid lines) and HM38-derived (bro- 
ken lines) catalysts a s  a function of SiO,/AI,O, ratio. 
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Figure 4. Comparison of pore volumes (solid lines) and P-sub- 
stitution selectivities (broken lines) for dealuminated 
HM14 catalysts a s  a function of SiOz/AI,O, ratio. 
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Figure 5. Comparison of unit cell volumes (solid line, left axis) 
with 2,6/2,7 DIPN ratios (broken line, right axis) for 
dealuminated HM14 catalysts as  a function of 
SiO.JAl,O, ratio. Error bars represent four-times the 
standard error in unit cell volumes from Table 3. 

0 JO 100 1 IO 2w 
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Figure 6 .  Isopropylation of biphenyl conversion and product 
distribution as  a function of SiO,/AI,O, ratio. 
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Figure 7. Biphenyl isopropylation isomer distributions as  a 
function of SiO,/AI,O, ratio. 
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SYNTHESIS OF POLYESTERS WITH RIGID BIPHENYL SKELETON BY 
CARBONYLATION-POLYCONDENSATION WITH PALLADIUM-PHOSPHINE 

CATALYSTS 

Y.Kubota K.Takeuchi, T.Hanaoka, and LSugi 
National Institute of Materials &d Chemical Research, AIST, Tsukuba, lbaraki 305, Japan 

Keywords: polyester, carbonylation-polycondensation, DBU 

INTRODUCTION 
Stiff macromolecules are expected, when properly processed, to produce materials with high 

dFg%q of molecular orientation and order which should result in superior mechanical strength [1,2]. 
BI henyl derivatives are promising components for advanced materials such as heat-resistant 
porymers and liquid crystallme polymers. &polyesters based on terephthalic acid, isophthalic acid, 
and bisphenol A have already been used because they are heat-resistant and transparent. Wholly 
aromatic polyesters containing biphenyl-4,4'-dicarboxylate moiety in place of terephthalate and 
isophthalate moiety must be highly potential for beat-resistance. For this reason, we tried to 
synthesize biphenyl-containing polyesters. Among several synthetic methods, carbonylation- 
gob'condensation method originally developed by Imai and his co-workers [3], and subsequently 

y Perry and his co-workers [4] on the basis of Heck reaction [5] seemed to be the most 
straightforward way to get target polyesters. 

We report herein the successful synthesis of polyesters which contain rigid biphenyl skeleton 
by palladium-catalyzed carbonylation-polycondensation. Especially, introduction of 9,lO- 
dihydrophenanthrene moieties was found to afford highly soluble polyesters in organic solvent. This 
is advantageous for polyester formation by carbonylation-polycondensation in solution and for 
molding resulting polyesters. 

EXPERIMENTAL 
4,4'-Dibromobiphenyl (DBBP) and 4,4'-diiodobiphenyl (DIBP) were obtained 

from Aldrich Japan, Tokyo, Japan, and purified by recrystallization from toluene. 2,7-Dibromo- 
9,lO-dihydrophenanthrene (DBDHP) and 2,7-diiodo-9,10-dihydro henanthrene (DIDHP) were 
prepared from 9,lO-dihydrophenanthrene by known methods [6,7!. All other materials were 
obtained commercially, and used with appropriate purifications. 

The wei ht average molecular weight (Mw) and the 
number average molecular weight (M") were determinetby means of gel permeation chromatogra- 
phy on the basis of a polystyrene calibration on a Yokogawa HPLC Model LClOO System (column, 
Tosoh TSK-Gel G4000HHR; eluent, chloroform or chloroform/l,l,l,3,3,3-hexafluoro-2-propanol 
(HFIP) = 3/1 (v/v); detection, UV (wavelength: 254 nm)). Thermal characteristics were studied with 
a Mettler FP800 Thermal Analysis System and a MAC Science TG-DTA 2000 apparatus. 

In a 50 ml stainless steel 
autoclave equipped with a magnetic stirrer was placed 845.1 mg (2.5 mmol) of DBDHP, 570.7 mg 
(2.5 mmol) of bisphenol A, 17.7 mg (0.1 mmol) of PdCIz, 104.9 mg (0.4 mmol) of PPh3, 10 ml of 
chlorobenzene, and 0.82 ml (5.5 mmol) of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). Carbon 
monoxide was introduced at 1.1 MPa of an initial pressure and then heated with vigorous stirring 
at 130 "C in an oil bath for 3 h. After excess carbon monoxide was purged, reaction mixture was 
poured into 100 ml of methanol. Precipitated polymer was separated from methanol by decantation, 
dissolved in 50 ml of chloroform, and then poured into 100 ml of methanol again with stirring. 
Polymer was filtered, washed with 100 ml of methanol, and dried in vacuo to afford poly[oxy-1,4- 
phenylene(l-methylethylidene)-1,4-phenyleneoxycarbonyl(9,lO-dihydro-2,7-phenanthrenediyl) - 
carbonyl] (1) as white or pale green yellow solid. The yield was 1.09 g (95%). Mw and Mw/Mn 
determined by GPC were 102,600 and 2.5, respectively. The 10 % weight loss temperature (Tio) 
was 414 "C and the 5 % weight loss temperature (Ts) was 394 "C in ai[ Found: C, 79.93; H, 5.09; 
Br, 1.35 %. Calcd. for (C31Ha)n: C, 80.85; H, 5.25 %. IR and 'H and 'C-NMR spectral data were 
satisfactory for polyester 1. 

Materials. 

Molecular weight measurements. 

Typical procedure for carbonylation-polycondensation. 

The other polyesters were obtained by analogous procedures. 

RESULTS AND DISCUSSION 
Effect of reaction parameters on the carbonylation-polycondensation 

The synthesis of polyesters by the carbonylation-polycondensation is shown in Eq. 1. To 
make clear factors controlling the synthesis, parameters such as temperature, CO pressure, solvent, 
and base were studied for polyester 1 from DBDHP and bispbenol A. 

Figure 1 summarizes the effect of temperature on the molecular weight of 1 by the use of 
pph:, as a ligand and DBU as a base. The carbonyldtion-pol~condensation was dependent on 
temperdturc, and the molecular weight was the highest at 120-130 C. Low molecular weight is due 
to low reaction rate at low temperatures, and to side reactions at high temperatures. 

Effects of solvent on the molecular weight of 1 by the use of 1,3-bis(diphenylpbosphino) 
propane (dppp) as a ligand and DBU as a base are shown in Table 2. Although the alcoholysis of 
acyl-palladium jntermediate is expected to be favorable in polar solvent, the solubilit of product 
is more important factor than the polarity of solvent in our case. Polyester 1 was founito be easily 
dissolved in chlorobenzene, nitrobenzene, dichloromethane, and chloroform. Among them, only 
chlorobenzene mediated effectively the carbonylation-polycondensation. The efficiency of 

may be due to good solubility of polyesters in it. Table 2 summarizes the effect of 
base on the molecular weight of 1. The highest molecular weight was obtained for DBU. DBU was 

under wide variety of conditions because it is a strong base (px, = 11.5 ). Because the salt 
from DBU and HBr liberated by the carbonylation was highly soluble in organic solvents, it is 
easier to remove HBr than the salt of other bases such as EtsN and i-Pr2NEt. Under optimum 
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condition, 1 was obtained in 95% yield with high molecular weight (Mw =l.0x105) as described 
in experimental part. 

Catalytic activity of palladium-phosphine complex on the carbonylation-polycondensation is 
important for the molecular weight of polyesters. The effect of phosphine on the molecular weight 
of 1 is summarized in Table 3. The use of four moles of P P h  per mole of palladium was necessary 
to prevent catalyst decomposition, probably by a cluster formation [8]. However, large excess of 
PPh3 (PPhpd = 10) inhibited polymer formation because ex= ligands coordinated to metal center 
reduce the coordination of substrate and carbon monoxide. This is a different feature from the case 
of the ethoxycarbonylation of DBBP, where catalytic activity kept high even at high PPh3lPd ratio 
[9]. Bidentate phosphine such as dppp has been described to be more effective ligand for the 
carbonylation than monodentate hosphine such as PPh3 [9-121. In our previous work 91, high 
catalytic activities were observecf for hidentate phosphines, a, &bis(diphenyIphosphinojalkanes 
( P ~ ~ P ( C H Z ) ~ P P ~ Z  (n=2-5)), cspecially for dppp (n=3) and dppb (n=4) in palladium catalyzed 
ethoxycarbonylation of DBBP and DBDHP. The catalysts with these li ands have been much more 
active than those with PPhs. The effectiveness of bidentate ligan$ is due to the formation of 
chelated complex with palladium, such a s  six-membered chelate ring for dppp. In the carbonylation- 
polycondensation, dppp gave the highest molecular wcight of 1 among them. Two fold excess of 
dppp for palladium was also required for the carbonylation and for high molecular weight, however, 
large excess of dppp prevented them. Figure 2 shows the effect of CO pressure on the molecular 
weight of 1 for PPhs and dppp. The molecular weight was the highest under CO pressure around 
1 MPa, and then gradually decreased with further incrcase of CO pressure. Both PPh3 and dppp 
were effective ligands in the carbonylation-polycondensation, especially under relatively low 
pressure of 0.6-1.5 MPa. However, PPh3 was more excellent than dppp for the formation of high 
molecular weight polyester 1 under these conditions. The effect of CO pressure on the molecular 
weight of 1 for DIDHP was different from the case for DBDHP as shown in Fig. 2. The molecular 
weight of 1 for DIDHP was low under every pressure. 

The structure of dihalide and bisphenol affected the carbonylation-polycondensation. Table 
4 shows the effect of dihalide on the molecular weight of 1 by the use of dppp and DBU. Polyester 
1 from DBDHP or DIDHP has hi er solubility than poly[l,4-phenylene(l-meth I ethy1idene)-1,4- 
phenylenecarbonyl(4,4'-bipheny~ne)carbonyl] (8) from DBBP or DIBP anB accompanied the 
enhancement of its molecular weight. Such an increase of solubility is owing to the effect of 
bulkiess of 9,lOdihydrophenanthrene moiety. The molecular weight of 1 from DBDHP was higher 
than that from DIDHP. The difference between bromide and iodide should be explained by the 
difference of rate determining steps in successive reactions. Significant increase of the molecular 
weight of 8 was observed by the use of DIBP instead of DBBP. This was due to the enhanced 
reactivity of DIBP, which was compensated for negative factor of insolubility. When p- 
dibrornobenzene was used as a dihalide, polyester 9 was obtained with low molecular weight due 
to the low solubility of the resulting polyester. Table 5 summarizes the effect of bisphenol on the 
molecular weight of polyesters. Bisphenols having sufficiently bulky alkyl spacers resulted 
moderately high molecular wcight. Especially, bisphenol A gave the best results among them. 
Bisphenols with phenyl groups gave relatively poor results. Polyester 6 from bis(4-h 
ydroxypheny1)sulfone had low molecular weight. Polyester 7 from 4,4'-thiobisphenol was insoluble 
In the solvent. These low molecular weight is due to their low solubility. 

Mechanistic aspects of the carbonylation-polycondensation 
According to previous paper by Moser and his co-workers [8 active species for the 

carbonylation of aromatic halide is expected to be Pd(0)Ln complex (L: pkosphine moiety; n: 1-4), 
which is formed in situ from Pd@I)CIz and phosphine or from Pd(II)LzC12 complex with phosphine. 
Oxidative addition of aryl halide to Pd(0)Lo species, followed by CO insertion, and base mediated 
the alcoholysis to yield ester with regeneration of Pd(0)Ln. This mechanism is plausible and 
applicable to the carbonylation-polycondensation. 

We found several characteristic features in our carbonylation-polycondensation. The 
molecular weight of 1 depended on the type of base. Strong organic bases such as DBU, TMEDA, 
and DABCO preferred to typical amines such as Et3N and i-PnNEt. These results suggest the 
alcoholysis step is a key step for the increase of molecular weight. Similar effects of basc wcre 
obsewed in the carbonylation of 4-bromobiphenyl [12]. The molecular weight of 1 for DIDHP was 
inferior to that for DBDHP. The effects of CO pressure on the molecular weight of 1 for DIDHP 
were quite different from the case for DBDHP. These results mean that the oxidative addition of 
halide to Pd(0)Ln is not so important for the increase of the molecular weight of resulting 
polyesters. 

Figure 3 shows time dependence curves on CO consumption hy the use of d pp aid PPh3, 
respectively, under atmospheric pressure. The periods, for which half amount of carion monoxide 
was consumed for the reaction, were 16 min and 32 min in the case of dppp and of PPh3, 
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respectively. This means that catalytic activity for d pp is apparently higher than that for PPh3. 
Figure 4 shows h e  dependence on the Mw by use of $pp and PPh ,  respectively, under the same 
condition as in Fig. 3. Initial rate of the increase of M w  for dppp is obviously larger than that for 
PPh3, whereas final Mw for PPhs is higher than that for dppp. These results mean that catalytic 
activity is not parallel to final molecular weight of resulting polyesters, and that some inhibiting 
reactions n q  occur during the growth of the polyester in the case of dppp. We should note the side 
reactions because the rate of polyester formatlon should not affect the final molecular weight of 
polyester. To know whether side reactions take place or not, the phenoxycarbonylation of DBBP 
using the catalyst with dppp or PPh3 was examined. Diphenyl biphenyl-4,4'-dicarboxylate was 
observed as a sole product from DBBP in high yield in both cases. Only a detectable product except 
the esters h.om DBBP was phenyl benzoate judging from GC analysis. This product should form 
via the carbonylation of chlorobenzene used as a reaction solvent. Amount of phenyl benzoate was 
0.115 mmol with dppp and 0.044 mmol with PPh3, respectively, from phenol (6.0 mmol) and 
chlorobenzene (10 ml) in the presence of DBBP (2.5 mmol). The amount of phenyl benzoate 
arising during the &onylation-polycondensation with dppp was about three times larger than that 
with PPhs. It is evident that the benzoyl complex as an intermediate of the carbonylation of 
chlorobenzene can act as a terminator of the carbonylation-polycondensation. This is a possible 
reason why the molecular weight of 1 with dppp is lower than that with PPhs in spite of higher 
catalytic activity of palladium-dppp complex. These results show that in order to obtain the 
polyesters with high molecular weight, the selectivity of the catalyst for the carbonylation is more 
important factor than catalytic activity. 

Thermal properties of polyesters 
Wholly aromatic polyesters 1- 9 did not have melting point and glass transition temperature 

up to 400 "C. The 10 %weight loss temperature ( n o )  values of them were above 380 "C in air. On 
the basis of TG profiles, polyesters 1 and 8 were more stable than 9 at 300-390 "C, although they 
lost their weights faster than 9 above 400 "C. Polyesters 1 and 5 were soluble in chloroform and 
dichloromethane. Soluble polyesters with MW larger than 10,000 easily formed transparent casting 
films. 
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Table 1. Effects of solvent on the synthesis of 1') 

Yield Mw 
Run Solvent (%) (x103) (M~IM")  

1 Chlorobenzene 99 
2 Anisole 99 
3 Flurobenzene 98 
4 Benezene 94 
5 Nitrobenzene 0 

a) Reaction conditions: DBDHP 2.5 mmol, bisphenol A 2.5 mmol, PdClz 0.1 mmol, dp p 0 2 
mmol, DBU 5.5mmol, solvent 10 ml, CO pressure 2.1 MPa, temperture 12OoC, periocf3 h.' 

Table 2. Effects of base on the synthesis of 1') 

Yield Mw 
Run Base (%) (x103) ( ~ ~ l ~ n )  

92 
16 

8 DABCO") 96b) 12 
9 EON 92b) 

6 DBU 95 b' 
7 TMEDA~) 99 

10 'i-P&t 22 

a) Reaction conditions: DBDHP 2.5 mmol, bisphenol A 2.5 mmol, PdCh 0.1 mmol, PPh3 0.4 
mol. DBU 5.5 mmol, chlorobenzene 10 ml. CO Dresswe 2.1 MPa. temoerture 1 2 0 T  neriod 

-1  r - - - - -  .. . , 
3 h. b) dppp 0.2 mmol, 
&XN;N'-tetramethylethylene diamine. e) 1,4-Diazabicyclo[2.2.2]octane. 

was used as a ligan'd. c) Palladium preci$tate was-observed. d) 
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Table 3. Effects of catalyst on the synthesis of la) 

Yield Mw 
Run Catalyst (%) (x103) ( M ~ I M . )  

11 PdC12nPPh3 39 
12 PdCld4PPe 92 
13 Pd(PPh3)4 96 19 
14 PdC12ndppeC) 94 
15 PdClddpppd) 97 
16 PdCld2dppp 99 
17 PdCWdppg) 39 
16 PdClfldppb 95 
19 PdClSdpppe‘) 91 

a) Reaction conditions: DBDHP 2.5 mmol, bisphenol A 2.5 mmol, PdClz 0.1 mmol, phosphine 
0.1-0.5 mmol, DBU 5.5 mmol, chlorobenzene 10 ml, CO pressure 2.1 MPa, temperture 120 
“C, period 3 h. b) Pd(PPh3)4,0.1 m o l .  c) 1,2-bis(diphenylphosphino)ethane. d) 1,3-bis(diphcnyl- 
phosphino)propme. e) 1,4-bis(diphenylphosphino)hutane. f )  1,5-bis(di-phenylphosphino)hexane. 

Table 4. Polyesters of dihalides with bisphenol A’) 

Yield MW 
Run Dihalobiphenyl Polyester (%) (x103) (MW/Mn) 

99 35 
98 24 {% 20 DBDHP 1 

21 DIDHP 1 
22 DBBP 8 94 5.6 (6.3j 

2.6 [;:;{ 23 DIBP 8 
24 p-Dibromobenzene 9 96 

94 12 

a) Reaction conditions: dihalide 2.5 mmol, bisphenol A 2.5 mmol, PdCIz 0.1 mmol, dppp 0.2 
mmol, DBU 5.5 m o l ,  chlorobenzene 10 ml, CO pressure 2.1 MPa, temperture 120 “C, period 
3 h. 

Table 5. Polyesters of bisphenols with DBDHPa) 

Yield Mw 
Run Bisphenol Polyester (%) (x103) (MwIMn) Remarks 

26 Bisphenol A 1 99 35 
27 4,4’-Cyclohexylidencbisphe I 2 93 20 
26 4,4’-(~-Butylidene)bispheno;8j 3 97 13 
29 4,4’-Ethylidenebisphenol 4 96 12 
30 4,4’-(l-Phenylethylidene)bis henol 5 99 25 
31 4,4’-SulfonylbisphenoP 6 
32 4,4’-Tiobisphenol I 99 insoluble tt 

a) Reaction conditions: DBHDP 2.5 mmol, bisphenol 2.5 mmol, PdCh 0.1 mmol, dppp 0.4 
m o l ,  DBU 5.5 mmol, chlorobenezene 10 ml, CO pressure 2.1 MPa, temperture 120 “C, period 
3-5 h. b) CO pressure 1.1 MPa. c) Ourtlook of reation mixture just after the reaction. -: 
homogensous. t: slightly suspended. tt: suspended. 
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Fig. 1. Effect of reaction temperature on the molecular weight of 1. Reaction conditions: DBDHP 
2.5 m o l ,  bisphenol A 2.5 mmol, PdClz 0.1 mmol, PPh3 0.2mmo1, DBU 5.5 mmol, chlorohenzene 
10 ml, CO pressure 1 .I MPa. period 3 h. 
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Fig. 2. Effect of CO pressure on the molecular weight of 1. Reaction conditions: dihalide 2.5 
m o l ,  bisphenol A 2.5 mmol, PdCIz 0.1 mmol, PPh3 02mmol or dppp 0.1 mmol, DBU 5.5 mmol, 
chlorobenzene 10 ml, temperature 120 "C, period 3 h. 
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Fig. 3. CO consumption during the carbonylation-polycondensation. Reaction conditions: DBDHP 
2.5 mmol, bisphenol A 2.5 mmol, PdCIz 0.1 mmol, PPh3 0.4 mmol or dppp 0.2 mmol, DBU 5.5 
mmol, chlorobenzene 10 ml, CO pressure 0.1 MPa. 
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Fig. 4. Time dependence of the molecular weight on the s nthesis of 1 Reaction conditions: 
DBDHP 2.5 mmol, bisphenol A 2.5 mmol, PdClz 0.1 mmoi: PPh3 0.4 mmol or dppp 0.2 mmol, 
DBU 5.5 mmol, chlorobenzene 10 ml, CO pressure O.1MPa. 
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SHAPESELECTIVE HYDROGENATION OF NAPHTHALENE 
OVER ZEOLITESUPPORTED Pt AND Pd CATALYSTS 

Andrew D. S c u  Grainne Bowers and Chunshan Song 

Department of Materials Science and Engineering 
Fuel Science Program, 209 Academic Projects Building 

Pennsylvania State University, University Park, PA 16802 

Keywords: hydrogenation, bifunctional catalysts, shape-selectivity 

Per-hydrogenation of naphthalene produces both cis-decalin (c-DeHN) and trans-decalin (t- 
DeHN). Huang and Kang reported the rate data shown in Scheme 1 for this reaction catalyzed 
by Pt/AI,O,.' Isomerization of c-DeHN was treated as  irreversible, and it was assumed that 
dehydrogenation of DeHN could be neglected. We have found it possible to achieve high selectivity 

I 1 Scheme 1. Naphthalene hydrogenation pathways over Pt/AI,O, from ref. 
1. Rate constants are for reaction a t  200 "C in units h-'. 

for one DeHN isomer by appropriate catalyst selection. For example, PtlHY gives 100% naph- 
thalene conversion to decalins with 80% selectivity for c-DeHN. There numerous potential 
industrial applications for c-DeHN; such as, the production of sebacic acid which can be used in 
the manufacture of Nylon 6,10 and softeners. Conversely, catalysts that  promote the thermody- 
~ m i c a l l y  favored c-DeHN to t-DeHN isomerization can be made to give nearly 95% t-DeHN. This 
reaction can he used in fuel upgrading applications, to increase the thermal stability of the fuel. 

Considerable effort has been invested in this laboratory to develop jet fuels with improved 
thermal stability, particularly for high-performance jet aircraft (see ref. 2, for example). In this 
application, the fuel is also used as the primary heat sink for cooling. As the fuel temperature is 
raised, fuel degradation leads to the formation of solid particulates in the fuel.' Over time, the 
particulates agglomerate and are deposited, plugging filters, fuel lines and fuel injectors. A jet 
fuel's overall carbon-forming propensity can be reduced by limiting its aromatic content as in the 
oomplete hydrogenation of naphthalene. In thermal stressing of jet fuels, Song e t  al. have shown 
that cyclic alkanes have higher thermal stability than normal alkanes.'-3 Cycloalkane conforma- 
tion also effects high temperature stability, and it has been shown that t-DeHN is more stable 
than c-D~HN.'.~ Tests on the thermal stressing of petroleum-derived fuels and model compounds 
have shown tha t  addition of t-DeHN can significantly retard the rate of carbon dep~s i t i on .~  

Two types of zeolites were used in this work: H-mordenite (HW and HY. Mordenite has a 
two-dimensional channel structure with elliptically shaped channels of diameter 6.7 x 7.0 A. Since 
naphthalene's critical diameter is very close to the HM channel dimension, transition state 
selectivity is induced on reactions of naphthalene occurring in the channels. Relative diffusion 
rates of the products can also effect selectivity. HY has large cavities in its interior and narrow 
channel openings. A reactant that has entered the channel structure may reorient itself and react 
at catalyst sites on the walls of the cavities. However, because of restricted difision at the 
channel openings, only molecules ofappmpriate diameter will be produced a t  a n  appreciable rate. 

The final t-DeHhVc-DeHN (t/c) ratio in the product is governed by several factors related to 
the bifunctionality of the catalysts. While the initial tlc ratio may be governed by several factors, 
zeolite acid character significantly influences c-DeHN isomerization. I t  has been found that 
catalysts based on dealuminated HM give the highest t-DeHN selectivity. Choice of the noble 
metal, Pt o r  Pd, is also important. In a w r d  with previously reported data for naphthalene 
hydrogenation using noble metal catalysts on non-zeolite ~ u p p o r t s , ~  our data show that Pdlzeolitc 
has higher initial selectivity for t-DeHN, and also isomerize c-DeHN a t  higher rates than 
platinum on the same zeolite. Metzl particle sizes determined from X-ray powder diffraction 
(XRD) l inewidths show large variations on the different zeolites, 

Cotolyst Prepmotion. The zeolites were supplied in NH4-form and used as  received. Table 
1 lists their properties. Two portions of each zeolite were loaded with metal, one with Pt, the 
other Pd, to generate a total of eight catalysts. Incipient wetness impregnation of either aqueous 
H,PtCI,+H,O (Aldrich 99.995% Pt, metal basis) or PdCI, (Aldrich, 99.999% Pd, metal basis) 
dissolved in dilute hydrochloric acid (sufficient to form soluble PdCI,'.) was used to achieve a 
nominal metal conoentralion o f 6  wt%. Following drying in vacuo, the catalysts were calcined in 
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a i r  a t  460 " C  for 2 h. Noble metal reduction occurs during the catalyst test, in the hydrogen 
Pressurized reactors. 

Catalyst Evaluation. A 30 mL, stainless steel tubingbomb batch reactor was used for 
catalyst tests. A tee-shaped design was used where most of the reactor internal volume is in the 
horizontal member that contains the catalyst and reactants. The horizontal member is connected 
by a 10" length of 114" 0.d. tubing to a pressure gauge and valve. The reactor was charged with 
0.4 g catalyst, 1.0 g (7.8 mmol) naphthalene (Aldrich, 99%), 4.0 g n-tridecane reaction solvent, and 
0.35 g n-nonane internal standard. The charged reactor was flushed with H, then sealed and 
leak-tested with H,. Finally, the hydrogen pressure was adjusted to 1500 psig cold ( ca. 0.2 g) to 
Start the test, Naphthalene begins to react immediately, even at room temperature, so a 
consistent procedure was established to minimize the time between reactor pressurization and 
the start  of the run. 

The reactor was affixed to a holder and placed in a fluidized sand-bath heater so that 
approximately two-thirds of the total length was immersed. Vertical agitation a t  240 cyclehin 
was used to provide mixing. The reactions were done a t  200 "C for 6-60 min. At the end of each 
test, the reaction was quenched in cold water. After cooling, the gas headspace was collected for 
analysis and the reactor was opened, Acetone was used to wash the reactor contents onto a filter 
and the filtrate was analyzed by GC/GC-MS (30m x 0.25mm DB-17 column, J&W Scientific), 
while the solid was dried for XRD examination. 

X-ray powder diffraction analyses (XRD) were done on a Scintag 3100 diffractometer using 
Cu Ka radiation and a scan rate of 1" 20 /min with 0.02" steps. Diffraction line widths were 
measured using a profile-fitting program which assumes a peak shape intermediate between 
Gaussian and Cauchy. Manual measurements were always used to check the calculated results, 
especially for very diffise lines where the computer routine fails. Mean metal crystallite size was 
calculated by application of the Scherrer equation (wavelength 1.54056 A, Scherrer constant 
0.89).6SiIicon powder (-325 mesh) was used as  an  external standard for measuring instrumental 
and spectral broadening. Ka,-doublet broadening corrections, and pure line profile determination 
for low-angle reflections were done as  described elsewhere.6 For most of the catalysts, only the 
Pt or  Pd (111) diffraction line was suitable for profile analysis. The lower intensity lines of the 
metals were interfered with by zeolite patterns. 

Results and Discussion 

XRD Observations.  XRD for the P t  and Pd catalysts removed from the reactors following 
the 60 min runs are shown in Figures 1-2. In each case, only diffraction lines corresponding to the 
zem-valency state of the metals are observed. Several catalysts from the 30 min runs were also 
examined, and only metallic phase is observed. Therefore, in situ hydrogen treatment is adequate 
for complete metal reduction. Differences between the samples are striking, especially for the P t  
catalysts. WHY shows very sharp and intense metal diffraction lines (large P t  particles), but 
F'tfHM38 and Pt/HM17 show very broad, diffuse lines indicative of small P t  particles. PtlM21 is 
intermediate. Closer examination of PtlHM38 shows that the Pt-phase is bidisperse. A sharp line 
appears superimposed over a very broad band, both arising from reduced platinum. Pd catalysts 
(Figure 1) all show significant line-broadening. The trend in line width increase on going from 
metaUHY to m e t a m 1 7  is also observed for Pd, but is less pronounced. Average metal particle 
sizes for the Pt and Pd catalysts are compared in Table 2 and Table 3, respectively, 

Acnvacy of the XRD particle size technique is generally accepted to be i 10.20%. When XRD 
lines become very broad and diffuse, accurate line-width measurements are difficult, however, 
This was more of a problem for Pd which has a lower scattering power (z = 46) than P t  (z = 78). 
Baseline zeolite signals from HM38 and HM17 cloud the Pd (11 1) reflection enough that accurate 
measurements are not possible. Conservatively narrow best-guesses at  the line widths were used 
to  determine the values cited in the tables. 

Effects of Catalyst Composition. Test data for 60 min runs a t  200 "C for the eight Pt- and 
Pd-loaded zeolite catalysts are compared in Table 2 and Table 3, respectively. The products of 
Nap hydrogenation are almost exclusively isomeric DeHNs. In some cases, a small amount of 
tetrahydmnaphthalene CTeHN) is observed. Gas headspace analyses show 5-50 ppm levels of C,. 
C, hydrocarbons. Every catalyst gives ca. 100% Nap conversion in 1 h, so it is not possible to rank 
catalyst activity based on these data. Yet, the translcis DeHN ratio is highly dependent on both 
the zeolite and the metal. Palladium gives higher t-DeHN selectivity than platinum on the same 
zeolite. Catalysts based on HM38 gave the highest t-DeHN selectivity. There is a definite upward 
trend in t/c ratio wlth HM S10dAl2O3 ratio. PtfHY shows amazingly high selectivity for c-DeHN. 

Comparing catalyst with the same metal, there does not seem to be any correlation between 
metal crystallite size and DeHN isomer selectivity. Neither naphthalene hydrogenation nor c- 
DeHN isomerization involve C-C 0-bond breaking. Consequently, the overall reaction should be 
structure insensitive and independent of metal particle size. 

Effecfs ofRun Duration. In order to determine the practical equilibrium tfc ratio, four tests 
were done with P M 2 I  a t  extended reaction times (Table 4). An approximately constant t/c of 
13.6 is obtained within 6 h reaction time. This value is somewhat lower than the calculated 
equilibrium constant for c-DeHN to t-DeHN isomerization of 20.5 a t  200 " C 6  However, ca. 14 is 
the practical limit as conCmed using other Wzeolite and Pdheolite  catalyst^.^ Some decalin may 
reside in the portion of the reactor that extends above the sand level in the fluidized sand bath, 
the cold zone. and may not react. According to calculations, if even 5% of the decalin doesn't react 
to form a n  equilibrium amount oft-DeHN, the equilibrium constant value falls to 13.0.6 

. .  
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I t  was already known that complete naphthalene conversion to a mixture of decalins occurred 
within the first hour of each test. We wanted to find out if the initial product distribution was 
signiiicantly different than what we had observed in 60 min runs. Additional runs were done with 
m 3 8 ,  Pd/HM38, PtHY and Pd/HY at 15 and 30 min. The metal/HY catalysts were also tested 
a t  6 min. It should be noted that 6 min is the approximate time required for the interior of the 
reactor to equilibrate to the reaction (sand bath) temperature. Greater than 99% naphthalene 
conversion occurred within the shortest run period for each test. Decalins were the only 
hydrogenation products with the exception of the 6 min run with Pt/HY, where 48% TeHN was 
also observed. However, less than 3 % TeHN was observed in the longer runs with PtlHY. Plots 
of log(c-DeHN) vs time are linear (Figure 3) showing that the isomerization of c-DeHN is first- 
order. Considering Scheme 1, when all of the TeHN has been consumed, the rate expression for 
disappearance of c-DeHN simplifies to a simple first-order expression in c-DeHN concentration. 
This simplification does not hold when the TeHN concentration is non-zero, so the 6 min data 
point for PdHY is not included in the determination of k,. Values determined for the rate 
constant in this work are compared with literature values in Table 5. It  can be seen that not only 
does Pd have a higher initial selectivity for t-DeHN, but it also isomerizes t-DeHN faster than 
Pt.  The values of k, determined in this work are considerably higher than those reported by 
Huang and Kang,' and h i  and Song for direct isomeriaation of c-DeHN.' Huang and Kang did 
not report the mass ofcatalyst used, so it is not possible to compare values on a per-gram catalyst 
basis. h i  and Song used the same PtIHM38 catalyst that  was used here. We are  still not certain 
what causes the discrepancy between these data and the results of hi and Son Other detailed 
kinetic studies on hydrogenation of aromatics have recently been 

The PtlHY catalyst is highly selective for c-DeHN and does not promote the isomerization. 
We are  unable to explain this result a t  present but suspect that  it may be due, in some way, to 
the large Pt particle size (1700 A). It is possible that a unique type of shape-selectivity may arise 
from partial blockage of the channel openings by the large metal particles. Further understanding 
may be gained by electron microscopy and H, chemisorption to determine metal dispersions. 

It has been established that the naphthalene hydrogenation process can be tailored to pro- 
duce either c-DeHN or t-DeHN by appropriate choice of the zeolite and metal species. Selectivity 
for t-DeHN increases with SiO.$U,O, ratio in the HM catalysts, so that catalysts bascd on HM38 
gave the highest t-DeHN selectivity. Compared to Pt  on a given zeolite, Pd shows a higher initial 
selectivity for t.DeHN, and a higher rate for c-DeHN to t-DeHN isomerization. The practical equi- 
librium dc  ratio is 14 a t  200 "C. Metal crystallite sizes are highly dependent on the zeolite. Pd 
generally had a higher dispersion than did platinum on a given zeolite. Naphthalene hydrogena- 
tion and c-DeHN isomerization are structure insensitive reactions. Therefore, DeHN isomer 
selectivity does not show a correlation with particle size. Uniquely high selectivity for c-DeHN 
has been obtain with P W .  It has been proposed that partial channel blockage by the large 
metal particles of this catalysts give rise to  a unique type of shape.selectivity. 
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Table 1. Properties of the Zeolite Starting Materials 
SiO,/Al20,, NapO, surface area, 

zeolite id. zeolite type supplier molar wt % m2/g 

HY zeolite Y Linde 
LZ-Y62 5.0 2.5 948 

17.0 0.05 480 , 
Linde 

HM17 mordenite LZ-M-8 

HM21 mordenite PQ CBV Cow., 20A Inc. 21,1 0.02 606 

HM38 mordenite pQ cOrp'' In'' 37.5 0.07 512 CBV 30A 

Table 2.Naphthalene Hydrogenation Data for 
Platinum Catalysts in 60 min Runs at 200 "C 

Product Distribution (mole %) 
trans. cis- total trandcis average metal 

catalyst conv., % TeHN DeHN DeHN DeHN DeHN particlesize,A 
PtlHM17 100 0.0 37 63 100 0.58 120 
PUHM21 100 0.0 45 55 100 0.83 590 
PUHM38 100 0.0 70 30 100 2.34 50 (750)' 

PUHY 100 2.6 15 82 97 0.18 1700 

a Bidisperse metal. Particle sizes for the broad (and sharp) components of the P t  (1 11) are 
indicated. 

Table 3. Naphthalene Hydrogenation Data for 
Palladium Catalysts in 60 min Runs a t  200 'C 

Product Distribution (mole %) 
trans- cis- total trandcis average metal 

catalyst conv., % TeHN DeHN DeHN DeHN DeHN particle size, .k 

PdIHM2I 100 0.0 75 25 100 3.00 310 
Pd/HM38 100 0.0 82 18 100 4.42 < 60" 

PdmY loo 0.0 73 27 100 2.69 310 

Pd/HM17 100 0.0 65 35 100 1.84 < 60" 

a Diffuse diffraction line makes accurate width measurement difficult. Metal particles are 
no larger than the indicated size. 

Table 4. Equilibrium DeHN Isomer Distribution 
from Naphthalene Hydrogenation Over PdlHM21 Catalyst at 200 " C  

Product Distribution (mole %) 

trans- cis- total translcis 
time(h) c o w , %  TeHN DeHN DeHN DeHN DeHN 

1 100 0.0 76.5 23.5 100 3.26 
6 100 0.0 93.1 6.92 100 13.46 
10 100 0.0 93.2 6.78 100 13.74 
24 100 0.0 93.2 6.85 100 13.69 
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Table 5. Comparison of c-DeHN Isomerization 
Rate Constants from This Work and the Literature 

PtlHM38 Pd/HM38 WHY Pd/HY PtMM38' Pt/Al,O,b 

k ,  h-' 0.78 0.84 0 0.35 0.30 0.11 

10.9 - k4, 15.2 16.4 0 6.9 ' 
mmol/gcat'h 

'Isomerization of c-DeHN from ref. 6. bNaphthalene hydrogenation from ref. 1. 

PdlHhll7 

Pd/HM38 

Pd/HMZl 

PdlHY 

n -  " 
2s 

Figure 1. XRD patterns for palladium catalysts in the region of 
the Pd (111) and (200) lines. 

Figure 2. X R D  patterns for platinum catalysts in the region of 
the Pt (111) and (200) lines. 
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Figure 3. First-order rate constant plots for c-DeHN to t- 
DeHN isomerization a t  200 "C. 
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CATALYTIC HYDROGENATION OF POLYAROMATIC COMPOUNDS USING 
COKE-OVEN GAS INSTEAD OF PURE HYDROGEN. 

C.E.Braekman-Danheux, A.H.Fontana. Ph.M.Laurent and Phhl iv ie r  
Service de Chimie Gknkrale et Carbochimie, Facultd des Sciences Appliqukes, Universitk Libre de 

Bruxelles, CP 165, Av. ED. Roosevelt, 8-1050. Bruxelles, Belgium. 

Keywords: catalytic hydrogenation, pol yaromatic, coke-oven gas. 

ABSTRACT 

In order to improve the economy of the conversion process of polyaromatic molecules to their 
hydroclromatics analogs, camlytic hydrogenation of phenanthrene has been canid out under 
pressure of different simulated coke-oven gases instead of pure hydrogen. The influence Of reaction 
time, temperature and pressure on the hydrogenation yields and on the nature of the obtained 
products has been studied. Comparisons have been made with reaction with pure hydrogen in the 
same conditions. The influence of the different components of a real coke-oven gas has also been 
pointed out. The results indicate that coke-oven gas wn be used if the goal is not to obtain 
perhydroaromatics compounds for a thermal cracking, but to give partly hydrogenated compounds 
to be used as hydrogen donor solvent in  a coal liquefaction process. The results have been applied 
to coal-tar highly aromatic fractions. 

INTRODUCTION 

Coal derived heavy oils conlain principally polyaromatics hydrocarbons (P.A.H.). Previously 
published studies1,2 showed that these molecules must be hydrogenated to their perhydrogenated 
analogs in order to obtain high yields of light aromatics (B.T.X.) and ethylene by thermal cracking. 
Moreover, these perhydrogenated molecules could provide one of the best solution to the 
requirement of modern jet plane fuels 3-5. If  the hydrogenation is not complete, the partly 
hydrogenated oils could also be used as hydrogen donor solvent in a coal liquefaction process. 

An important economic factor in hydrogenation processes is the hydrogen cost To reduce this cost 
will be beneficial. In this perspective, Doughty and aL6.' studied the hydrocracking of coal derived 
liquids using bimetallic catalyst and a gas mixtureof 93% I-12 I 10% CO instead or pure hydrogen. 
They showed that the conversion to low boiling point materials was lower in presence of 10% CO, 
probably because the CO molecules occupy the H2 sites at the catalyst surface. Fu and aL8 
performed the hydrogenation of model compounds in presence of petroleum solvent using syngas 
(H2 : CO = 1: 1). The experiments were carried out in a microreactor during 45 minutes. The results 
showed that the hydrogenation of anthracene at 350°C under H2 pressure gave 90% conversion. 
The reaction with syngas at the same temperature gave only 65.9% anthmcene conversion. The 
most important product was dihydroanthncene. 

The use of W C O  mixtures may introduce other competing reactions which lead -to undesirable 
products. For example, if the experimental conditions are similar to those used in the methanation 
reaction, hydrogen and carbon monoxyde will be consumed, producing unwanted methane and 
water. Even with low levels of CO, catalyst poisoning may be increased. The loss in &pic 
activity would lead to reduced conversions, which have to be compared to the gain in cast due to 
the use of a coke-oven gas. Moreover, industrial gases used directly may contain HzS which could 
poison the catalyst. 

The aim of this work is to hydrogenate polyaromatics hydrocarbons using the coke-oven gas 
instead of pure hydrogen. Coke oven-gas contains approximatively 55% Hz, 30% CH4, the 
Mance being made by COZ, CO, CnHm, N2. Phenanthrene has been chosen as a model 
compound for the P.A.H. in the heavy oils. Many works over catalytic hydrogenation of P.A.H. 
were published, but anyonestudy the possibility of using coke-oven gas instead of pure hydrogen. 

EXPERIMENTAL 

Procedure 
Experiments were performed in a 250 ml stainless steel PARR 4570 autoclave. 10 g of 
phenanthrene and 2 g of catalyst are introduced in the reactor. without solvent. The inskdlation is 
purged with the reactive gas and pressurised at ambiant temperature. Temperature is then raised as 
quickly as possible to the desired one. The reaction system is continuously stirred at 250 rpm. After 
reaction, the autoclave is cooled at ambient temperature and depressurised. The gases and the 
liquids are collected and analyzed. 
Catalysts 
A commercial nickel-molybdene catalyst ( 3% NiO, 15% Moo3 on alumina, surface area : 300 
m*/g) was used in all experiments. For comparison, some experiments were carried out with a 
cobalt-molybdene catalyst and also with a palladium catalyst. 
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Analyses 
Gases and liquids products are analyzed by gas chromatography. The g.c. conditions are described 
elsewhere'. The products, first identified by gdms, are dihydrophenanthrene (DHP), 
tetrahydrophenanthrene (THP), sym-octahydrophenanthrene(sOHP), asym-octahydrophenanthrene 
(asOHP). and perhydrophenanthrene (PHP). Mass balances are controlled after each experiment. 
The compositions of the different simulated coke-oven gases used in this work are given in table 1. 

RESULTS AND DISCUSSION 

Hydrogenation of phenanthrene with pure hydrogen ( g a s  1) 
The hydrogenation of phenanthrene under H2 pressure was studied as a fonction of reaction time. 
Temperature and pressure were kept constant (370'C-21 MPa).The results are summarized in table 
2 and confirms these of Colglough 10 at the same temperature and pressure. It  can be seen also that 
the yield of cracking products remains low. These results will be used for the comparison with the 
hydrogenation performed with the other gases mixtures. 

Hydrogenation of phenanthrene with simulated coke-oven gases. 
Influence of reaction time. 
The hydrogenation of phenanhrene was studied as a function of time, at 370°C and under 2 1 MPa 
of a gas containing the two main components of a coke-oven gas, the Mance being made by 
nitrogen (gas 3). The results are presented in table 2. As in pure hydrogen, the conversion of 
phenanthrene is high. more than 90% after 2 hours.The PHP yield increases regularly but cannot 
reach the value obtained under pure hydrogen, even after 16 hours of reaction. 

Influence of temwrature 
The hydrogenation of phenanthrene with gas 3 was studied between 300 "C and 450°C. Pressure 
and reaction time were kept constant (21MPa- 16 hours). The results are shown in table 2 .  It can be 
seen that a rise in temperature favour the hydrogenation reactions. The maximum yield of PHP is 
obtained at 370°C. At higher temperature, the yield of PHP decreases while the yields of cracking 
products and phenanthrene increase. Higher temperatures introduce ring opening reactions, lcading 
to the formation of lower molecular weight products. The formation of aromatics compounds by 
deshydrogenation reactions is also favoured by increasing tcmperature and explain the high yield,of 
phenanthrene. 

lnfluence of pressure. 
The hydrogenation of phenanthrene was studied between 11 and 25 MPa of gas 3. Temperature 
and reaction time were kept constant (370°C-16 hours). Table 2 gives the yieldof the products as a 
function of pressure. At the lower pressure, the conversion of phenanthrene is low and the 
hydroaromatics species are the major products. The hydrogenation of phenanthrene is favoured at 
higher pressure. These results are also in agreement with these of previous works. 

Influence of the comwnents of the coke-oven gas. 
In order to l a m  more about the influence of each components. catdytic hydrogenation of 
phenanthrene was studied under pressure of different simulated coke-oven gases. Temperature, 
pressure and reaction time were kept constant (37OoC-21MPa-16 hours). Results are shown in table 
2. The results are also compared to the one obtained under 11.5 MPa of hydrogen, this pressure 
corresponding to the M partial pressure in the coke-oven gas. 

- Hydrogen influence 
Under pure H2 pressure, the conversion of phenanthrene is 99%. The yield of PHP is more than 
80% and the yield of cncking products is small. The conversion and the yield of PHP decrease in 
presence of nitrogen (gas 2). However. the yield of cracking products become important.The 
comparison between the results obtained under 11.5 MPaof hydrogen and under 21 MPa of gas 2 
permitted to distinguish between the influence of total pressure and hydrogen partial pressure. It 
can be seen that for the same hydrogen pressure, the yield of cracking products is less important if 
the total pressure is higher. 

- Methane influence 
The comparison of the results of reaction with gas 2 and gas 3 showed that the yields of the 
different hydrogenated products are not significately influenced by the presence of methane. In our 
experimental conditions. methanc does not handicap the atalytic hydrogemtion of phcnanthrene. 

- Influence of the other components 
The presence of ethane, ethylene and carbon dioxide (gas 5) modifies slightly the composition of 
the hydrogenation products. On the other hand, the presence of CO lead to an important drop of the 
yields of hydrogenated compounds and specially the PHP. The cracking bccomes also important: it 
raises from 10% to308. 
The influence of the carbon monoxide can be explained by the following hypotheses: 

- formation of alkanes by Fisher-Tropsch type reactions, consuming hydrogen, for example: 
CO + 3HZ -. CH4 + H20 

- nanial de-tivation of :he calalysls, lhe carbon monoxide occupying preferentially some active 
sites c'. 
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In our experimental conditions, these reactions occur as shown by the following experimenb. The 
composition of the hydrogenating gas (gas 4) has been compared before and afler reaction in 3 
cases: Expl : the autoclave contains coke-oven gas (gas 4) alone; 

Exp2 : the autoclavecontains coke-oven gas (gas4) and the NiMo catalyst; 
Exp3: the autoclave contains coke-oven gas (gas 4). the NiMo catalyst and the phenanthrene. 

The results are shown in table 3. The experiments 2 and 3 confirm the reactivity of carbon 
monoxyde: the yield of methane increases while the yield of hydrogen decreases when coke-oven 
gas is tmted in presence of the catalyst. The formation of propane could also be explained by 
Fischer-Tropsch reaction. Partial hydrogenation of ethylene occurs also, even in the absence of the 

Thermal cracking of the hydrogenated compounds. 
I n  order to verify the thermal behaviour of the hydrogenated compounds, thermal cracking 
experiments have been performed on the mixtures obtained after hydrogenation of the phenanthrene 
with gas 4 and with pure hydrogen. The cnckings are made at atmospheric pressure undernitrogen 
at 800°C and with a residence time of 1 s. As shown in table 4, the BTX yields obtained by thermal 
cracking are directly related to the amount of perhydrogenated compounds present in the 
hydrogenation products, as explained previously 'I. 

Hydrogenation of heavy oils. 
Two different industial oils have been hydrogenated : an heavy naphtha fraction of petroleum 
(HLN) and a chrysenic fraction of a coal tar (HC). The experimental conditions are: ?": 370°C, P : 
21 MPa, t : 16 h, cat.: sulfided Ni-Mo. The hydrogenating gas used is gas 4 and the results are 
compared with hydrogenation under pure hydrogen. Due to the complexity of the oils, the thermal 
cracking of the mixtures obtained after hydrogenation has been directly performed, mainly to 
compare the BTX yields. I t  has to be pointed out that the untreated heavy oils do not contain BTX. 
The results, summarized in table 5. indicate clearly that the amounts of perhydrogenated 
compounds are lower when the simulated coke-oven gas is used for the hydrogenation, confirming 
the results obained on the model substance. 

calalyst. 

CONCLUSIONS 

The results obtained during this research have shown, the possibility to use a coke-oven gas to 
perform the hydrogenation of PAH with a commercial catalyst. But it wm not possible, even by 
increasing the reaction time, to obtain with a gas containing 55% H2 the Same yield of PHP as the 
one obtained with pure hydrogen. 
The influence of the various components of the coke-oven gas on the hydrogenation yields has 
been investigated: CH4 does not handicap the cahlytic hydrogenation of the phenanthrene; the 
presence of C2H4, C2H6, and CO2 modifies slightly the composition of the hydrogenation 
products; the presence of CO leads to an important drop of the yields of hydrogenated compounds 
and specially the perhydrogenated. 
I t  can be concluded that, if the goal of the hydrogenation is not to obtain perhydrogenated 
compounds for a chemid upgrading by thermal cracking, but to give partly hydrogenated 
compounds to be used as hydrogen donor solvent in cml liquefaction processes, then the hydrogen 
can be economically replaced by a coke-oven gas. 
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Table 1. Composition ( vol.% ) of the gases used for hydrogenation. 

Gas 1 : 10096H2 
Gas 2 : 55% HZ, 45% N2. 
Gas 3 : 55% H2,15% N2,30% CH4 
Gas 4 : 55% HZ, 1% N2,30% CH4,6% CO, 3% CZH4,3% C2H6,2% C02 
Gas 5 : 55% HZ, 7% N2,30% CH4,0% CO, 3% CZH4,3% CZH6,2% COZ 

Table 2. Hydrogenation of phenanthrene (catalyst : sulfided Ni-Mo) 

Gas T t P Phen. DHP THP OHP PHP Others 
(“C) (h) (MPa) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) 

1 370 1 21 5.8 8.3 5.9 26.8 48.0 0.9 
2 1.2 7.3 1.9 24.8 60.2 1.2 
4 0.7 4.9 1.6 23.6 67.9 1.1 

16 0.7 1.9 0.6 20.7 81.2 1.1 
16 11.5 3.9 5.8 6.0 16.5 55.6 2.4 

3 370 2 21 6.8 11.1 13.1 33.7 26.6 0.5 
4 6.2 10.0 10.5 25.9 38.9 1.3 
8 5.4 7.5 8.2 18.7 47.9 2.3 

12 5.2 6.0 6.8 17.9 54.3 7.1 
16 2.8 5.4 5.2 14.6 61.0 8.9 

3 300 16 21 3.4 0.5 1.9 72.5 12.7 2.6 
350 2.7 5.7 4.8 24.1 58.0 1.3 
400 5.3 8.3 7.9 20.1 40.5 7.3 
450 25.0 5.4 5.2 3.5 33.9 18.0 

3 370 16 11 25.3 7.3 13.6 13.5 21.4 3.5 
15 12.2 6.1 11.4 19.1 37.8 5.3 
25 0.9 3.2 1.9 9.7 72.8 7.2 

2 370 16 21 3.7 5.6 5.8 13.9 59.8 0.8 
4 7.4 5.2 8.0 16.4 26.6 29.2 
5 3.1 5.2 5.0 14.6 57.8 9.0 

Table 3. Behaviour of the hydrogenating gas (gas 4) during the reactions (vel.%) 

H2 CH4 CO CO2 CzH4. CzH6 C3H8 Nz 

Gas4 55.0 30.0 6.0 2.0 3.0 3.0 0.0 1.0 

Exp.l 54.3 30.9 5.8 2.4 1.3 4.3 0.0 1.0 
Exp.2 52.4 36.7 1.1 2.1 0.3 5 .2  1.3 1.0 
Exp.3 39.4 46.0 1.7 2.1 0.3 8.1 1.4 1 .o 
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Table 4. Thermal cracking of the phenanthrene hydrogenation products. 
Cracking conditions : To: 800°C. residence time : 1 s, P : 0.1 MPa NZ. 
Hydrogenation conditions : To : 370'C, t : 16 h, P : 21 M h  

wt% of the main compounds. 

Product 1 : hydrogenated with gas 1. 
Product 2 : hydrogenated with gas 4. 

Product 1 Product 2 

Before cracking After cracking Before cracking After cracking 

Benzene 10.6 2.6 
Toluene 4.8 1.7 
Xylenes 1.7 0.8 

Total BTX 17.1 5.1 
Phenanthrene 0.7 3.9 7.4 15.4 

DHP 1.9 5.2 0.4 
THP 0.6 8.0 0.8 
OHP 20.7 0.8 16.4 1.2 
PHP 81.2 1.9 26.6 0.5 

Table 5 . Thermal cracking of the heavy oils hydrogenation products. 
Hydrogenation and thermal cracking conditions are the same as in table 4. 
BTX yields (in wt%) 

HLN HC 

gas 1 gas 4 gas 1 gas 4 

Benzene 6.7 3.6 5.1 
Toluene 5.5 2.9 2.8 
Xylenes 2.3' 1.9 1.5 

Total BTX 14.8 8.4 9.4 

2.1 
0.7 
0.5 
3.3 

1 

I 
I 
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Role of Iron Catalyst on Hydroconversion of Aromatic Hydrocarbons 

Eisuke Qata, Xain-Yong Wei', Akio Nishijima'. Tom0 Hojo' and Kazuyuki Horie 
w e n t  of Chemistry and Biotechnology. Graduate School of Engineering, 
The University of Tokyo; 7-3-1, Hongo. Bunkyo-ku. Tokyo 113, Japan 

1. Introduction 
A symposium on iron-based catalysts for coal liquefaction was held at the 205th ACS 

National Meeting[l]. and some of the p a p  have been published in Energy & fietels[2]. Reviews 
of the development of catalysts for coal liquefaction were also published in Journal of the Japvln 
Insrimre of Energy[3], and Ozaki reviewed the results of the studies of upgrading residual oils by 
means of thermal cracking and c d t i g  under reduced pressures, catalytic cracking over nickel ores 
and iron oxides, and hydrodesulfurization. as well as hydrodemetallization[4]. We reported that 
catalysis of metallic iron and iron-sulfide catalysts were affected by the S/Fe ratio; the activity 
i n m s e d  with pyrrhotite formation and the activity was accelerated by the presence of excess 
sulfur[5-8]. Activity of pyrite FeS, for phenanthrene hydrogenation[9] and activity of natural 
ground pyrites for coal liquefaction[lO] decreased with storage under air. On the other hand, the 
NEDoLprocess for a coal liquefaction pilot plant of 150 t/d which is one of the national projects 
in Japan, will use pyrites as one of the catalysts for the first-stage because FeS, has high activity 
and is low in price. In this paper, we describe in detail the role of iron catalysts in 
hydroconversion of aromatic hydrocarbons such as diphenyl (DPh), dinaphthyl (DNp) and 
diarylalkanes (DAAs) constructed with monocyclic aromatic-units and/or bicyclic aromatic-units 
and both monocyclic and bicyclic aromatic units and linked with from one to three 
methylene-groups. 

2. Experimental 
Materbls: (I-Naphthy1)phenylmethane (NPM) and di(1-naphthyhethane (DNM) were 

synthesized by heating naphthalene (NpH) with benzyl chloride and 1-chloromethylnaphthalene in 
the p e n c e  of metallic zinc powder catalyst, respectively[ll], and 1,2-di(l-naphthyl)ethane 
(DNE) was synthesized by the reaction of I-bromomethylnaphthalene with metallic iron powder 

catalyst in boiling water [12]. 1.3-Di(l-naphthyl)ppane (DNP) was synthesized by a coupling 
reaction of 1-naphthylmagnesium bromide with 1.3-dibromopropane in the presence of copper(1) 
bromide catalyst in hexamethylphosphric biamide (HMPA) solvent [13]. These diarylalkane 
(DAAs) were purified using conventional methods such as vacuum distillation, separation with 

silica and alumina column chromatography and rrcrystallization from the solutions. The other 
substrates such as 1-methylnaphthalene (1-MN), diphenyl (DPh). 1,l'-dinaphthyl (DNp). 
diphenylmethane (DPM), 12diphenylethane (DPE), 1,3-diphenylpropane (DPP), triphenyl- 
methane (TF'M), 1-[4-(2-phenylethyl)benzyIlnaphthalRle (PEBN); hydrogen-donors such as 
telralin (THN), 9.10-dihydrophenanthrene (DHP) and 9,lO-dihydroanthracene (DHA); and the 
solvent decalin (DHN). were purchased commercially and further purified, if necessary, by 
conventional methods. Pyrite FeS, and metallic iron ultra f i e  powder Fe were 
synthesized by Asahi Chemical Industry Co. Ltd. and Vacuum Metallurgical Co. Ltd., 
respectively. procedure: In typical reactions, 1.0 g of I-MN or PEBN or 7.7 mmol of D h .  
the prescribed amount of FeS, or Fe catalysts and 30 ml of DHN, as well as the prescribed amount 
sulfur (SFe ratio = 2.0) if necessary. were placed in 90 ml or 150 ml stainless steel, magnetically 
stirred autoclaves. After pressurization with 10 MPa of hydrogen. nitrogen or argon. the 

Catalysts: 

^" Present Address: 'Department of Coal Reparration snd Utilization. China Univewrsiiy of Mining snd 
Technology. Xuzhou (221008). Jiangsu, China: h r f a c e  Characterization Laboratory. National Institute of Malerids 
and chemical Research. 1-1, !gashi. Tsukuba-shi, Ibaraki 305. Japan; 'Depament of Industrial Chemistry, College 
of Science ard Technology. Nihon Universlly, 1-8. Surugadai. Kanda, Chiyoda-ku. Tokyo 101. Japan. 
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autoclave was heated to the desired reaction temperature from 300°C to 400°C within 20 min and 
maintained for 1 hr. It was then immediately cooled in an ice-water bath. Analyses: The reaction 
Products were identified by GC-MS (Shimadzu GCMS QP-1000, equipped with a 0.24 nun (I.D.) 
x 50 m (I,.) glass capillary column chemically bonded with OV-1 )and quantified by GC 
(Shimadzu GC-lSA, equipped with the same capillary column ). Oxidation of FeS, CarOlySl: 

FeS, was oxidized at room temperature. 80°C. 150°C and 200°C for the desired time under 
atmospheric air. The bulk structure of iron catalysts oxidized and recovered after the reaction was 
analyzed by using XRD ( Rigaku tknki Model RlNT 2400 ) and XPS (Perkin-Elmer Model PHI 
5500). Substrates and the notations areshown in following: PI . -  

Qc c c  
PHN 6 6 6 -$ 

DPP TPM DNp PNM DNM 
DPM DPE 

DNE DNP pEBN 
3. Results and Discussion 

Thermolysis of aromatic hydrocarbons was strongly affected by the bridged-methylene 
length, aromatic-ring size in the arylalkane structure. and the presence of molecular hydrogen (H,) 
in the reaction system as shown in Table 1. Under treaction conditions of 4oooC for 1 hr. DPM 
was very stable in both the absence and presence of H,. The reactivity of diarylalkanes (DAAs) 
constituted of two phenyl-rings increased in the following order: DPM << DPE << DPP. These 
conversions were slightly increased by the presence of H,. Generally, the reactivities of DAAS 
constituted of two naphthyl-rings were higher than those of diphenylalkanes (DPAs). It is 
particularly remarkable Uiat many radical-adducts between species formed from C,,,k-Co,k bond 
cleavage and solvent DHN molecule was recovered. and many phenylethyldecalins and 
naphthylethyldecalins were produced especially in the case of diarylpropane thermolyses and the 
formation was slightly depressed by the presence of gas phase H, molecule. From other 
experiments it was shown that the reaction between styrene and DHN under the same reaction 
conditions formed many phenylethyldecalins as solvent adducts. suggesting that these solvent 
adducts were produced when arylethylenes were formed in the reaction system. These results 
ultimately indicate that C-C bond scission was proceeded by a radical chain reaction and the 
reactivity of DAAs was governed by dissociation energy of C,,k-C,,k and C,,&,, bonds in the 
absence of catalyst. 

Tables 2 and 3 show the effect of bridged methylene length in the diarylalkane structure on 
the hydmonversion with pyrite FeS, catalyst at 300°C for 1 hr, and the effect of aromatic 
ring-size and number in the arylalkane structure. DPE and DPP were not converted even after IO 
hrs. The reaction of DPh yielded only cyclohexylbenzene via the hydrogenation of one 
benzene-ring. DPM hydrocracking also proceeded via the C,,-Co,t bond scission, but DPM was 
much less reactive than triphenylmethane CTPM). DNp hydrocracking resulted in the 
corresponding tetra-hydrogenated 1 ,l'-dinaplithyls as main products. Reactivity of DNM was the 
highest in this hydroconversion series. DNM hydrocracking mainly produced naphthalene (NpH) 
and I-MN, via hydrogen addition to the ipso-carbon of DNM. Only a small amount of 
hydrogenated di(l-naphthyl)methanes (H-DNMs) was produced. DNM hydrocracking was much 
easier than that of DPM and TPM. Drastically different from DNM, the reactions of DNE and 
DNP mainly yielded the hydrogenated 1,2-di(l-naphthyl)ethanes (H-DNEs) and the hydrogenated 
1,3-di(l-naphthyl)propanes (H-DNPs) rather than decomposed products, respectively. The result 
shows that the cleavage of the C,,-C,,t linkage in DNE and DNP is much more difficult than that in 
DNM. The total selectivity of decomposed products in the case of DNp was higher than that in 
DNE hydroconversion. Reaction of DNP mainly produced hydrogenated 1,3-di(l-naphthyl)- 
propanes (H-DNPs), and a small amount of hydrocracked products such as NpH and (I-naphthyl) 
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propane (1-NP). Table 4 shows the effects of Fe and FeS, catalysts and reaction temperature on 
the hydroconversion of DPM. FeS, catalyst has more hydrocracking sites than hydrogenation 
sites. while Fe catalyst has highly active sites and mainly produced hydrogenated 
diphenylmethanes (H-DPMs). 

Table 5 shows the additive effects of hydrogendonors (H-donors) on DPP thermolysis and 
the additive effects of metallic Fe and FeS, catalysts on DPP hydroconversion at 4oo°C for 1 hr. 
DPP conversion decreased with H-donor addition in the order: none > THN >> DHP > DHA. 
These results are easily undexstood because the resulting PhCH,' abstracts hydrogen atoms from 
the Hdonors readily more than it does from DPP. In other words, the H-donors inhibited the 
radical chain reaction in DPP thermolysis by donating their benzylic hydrogen to PhCH,'. Table 5 
also demonstrates the catalytic effects of FeS, and Fe on the DPP thermolysis when compared 
with the non-catalytic reaction of DPP under H, of 10 Mpa at 400°C. FeS, greatly promoted 
C,,-C,,k bond scission as DPP hydrocracking. Under H,, the rate for DPP hydrocracking in the 
presence of FeS, was ca. 2-fold faster than that in the absence of the catalyst and dramatically 
decreased the formation of solvent adducts. Fe catalyst promoted DPP hydrogenation, but DPP 
conversion was low, about the same as that under N,. 'fhis result suggests that Fe catalyst 
promoted DPP hydrogenation and inhibited thermolysis. The inhibiting effect of Fe on DPP 
thermolysis remains to be investigated. It appears remarkably that the formation of solvent 
adducts such as phenylethyldecalins (PEDS) was drastically inhibited by FeS, and metallic Fe 
catalysts. 

FeS, was oxidized to ferrous sulfate FeSO,'H,O even at w m  temperature under 
atmospheric air, and the catalytic activities of oxidized FeS, on I-MN hydrogenation were 
decreased with increases in the storage time. Recently, Linehan and co-workers [14,15] reported 
the C-C bond scission activity of PEBN on well-characterized eleven synthesized iron-oxygen 
compound catalysts in the presence of elemental sulfur and a hydrogen-donating solvent in detail. 
As shown in Figs. 1 and 2, thermolysis of PEBN under Ar was stable, but the conversion of 
PEBN was effectively accelerated in the presence of 10 MPa H, and the main readon was 
changed from C,,k-C,, bond scission (Route [A] )  to C,,-C,, bond scission (Route [a). Metallic 
Fe catalyst mainly accelerated the hydrogenation (Roufe [B] ) ,  and FeS, catalyst promoted C-C 
bond scission of Roufe [a. FeS, catalyst activity was decreased with the oxidation of FeS, by 
oxygen in the air. However, the deactivated FeS, catalysts were mactivated by the presence of 
excess elemental sulfur in the system, and the reaction proceeded along Roufe [C]. 
4. Concluding Remarks 

Hydroconversion of aromatics and arylalkanes as a model reaction of coal liquefaction and 
heavy petroleum residue degradation was carried out in the absence or presence of metallic iron Fe 
and pyrite FeS,. Thermolysis of some diarylalkanes proceeded slowly by the radical chain 
reaction. The reaction rate was reduced by the addition of hydrogen-donating solvents and was 
slightly accelerated in the presence of hydrogen molecules. Metallic Fe catalyst accelerated the 
hydrogenation of aromatic-rings, esp ia l ly  bicyclic-rings, more than that of monocyclic-rings. 
FeS, catalysts, which is converted to  pyrrhotite Fe,,S under reaction conditions, promoted 
C,,-C,, bond cleavage of diarylmethanes only, and also promoted the hydrogenation of 
diarylethanes and diarylpropanes. C-C bond cleavage of arylalkanes was related to the 
hydrogen-accepting ability. C-C bond dissociation energy and resonance energy of the species 
after C-C bond scission. Oxidation of pyrites and its catalysis were also investigated. It was 
found that the catalytic activity of pyrites in the hydrogenation of 1-methylnaphthalene and 
1-[4(2-phenylethyl)benzyllnaphthalene decreased with oxidation under air, and deactivated pyrites 
was reactivated by addition of sulfur to the reaction system. 

' 

' 

Acknowledgment 
The authors wish to thank to the New Sunshine Rogram Promotion Headquarters. Agency 

942 



J 

J 

Of Industrial Science and Technology, Ministry of International Trade and Industry Of Japan for 
financial support. 

References 
1 .  hprt."Syrnposium on Iron-Based Catalysts for Coal Liquefaction", Div. Fuel Chem.. 

2. Energy &Fuels, &(l), (Special issue), p-2-123 (1994). 
3. J. Jpn Instit. Energy, a (1). (Special issue). p-2-49 (1994). 
4. H. m i ,  Sekiyu Gakkaishi, 3-6, (3), 169 (1993). 
5. E. Ogata, E. Niki, hoc. 27th Conf. Coal Sci. Jpn. Soc. Fuel (Tokyo). pp-115 (1990). 
6. X.-Y. Wei, E. Ogata, E. Niki, Chem. Lett., 2199 (1991). 
7. X.-Y. Wei, E. Ogata, Z.-M. Zong. E. Niki, Energy&Fuels, 6. 868 (1992). 
8. E. Ogata, K. Ishiwata, X.-M. Wei, E. Niki, Proc. 7th Inter. Conf. Coal Sci.(Banff). Vol.' 

9. E. Ogata, T. Suzuki, K. Kawamura. Y. Kamiya, 26th Conf. Coal Sci. Jpn. Soc. Fuel 

205th ACS National Meeting (Denver), Vol. 38 (No.l),pp-1-238 (1993). 

11, pp-349 (1993). 

(Sapporo), pp121 (1989). 
10. K. Hirano, T. Hayashi, K. Hayakawa. 30th Conf. Coal Sci. Jpn. Soc. Fuel (Tokyo), 

11. S. Futamura, S. Koyanagi, Y. Kamiya.FueL 63. 1660 (1984). 
12. N. P. Buu-Hoi and N. Hoan, J. Org. Chem.. u, 1023 (1949). 
13. J. Nishijima. N. Yamada, Y. Horiuchi. E. Ueda. A. Ohbayashi, and A. Oku, Bull. Chem. 

14. J. C. Linehan, D. W. Matson. and J. G. Darab, Energy & Fuels, 8, 56 (1994). 
15. D. W. Matson, J. C. Linehan. J. G. Darab. and M. F. Duehler, Energy & Fuels. 8, 

pp-161 (1993). 

Soc. Jpn.. Se, 2035 (1986). 

10 (1994). 

Table 1 Effect of Chain-length and Rlng-sizefn the Diarylalkanc Structure and 10 MPa of 
H y d a t 4 M l  Cfor 1 hr. 

Substrate 

0 
selectivity (mol % ) 

Benzene o o 0 98.2 o 3.4 o o o n 
Naphthalene 0 0 0 0 0 0 61.7 1.5 12.6 0 
Arylmethane o o 20(r 101.a' 100' 96.6' 61.7b 174.4~ 1 3 2 . ~ ~  105.0b 
Arylethane 0 0 0 98.2' 2.9' 16.5' 0 9.7d 6.8 
Arylethvlene 0 0 0 0 9.8" 6.2' 0 0 0 14.9' 

Table 2 Elfects of Chain-length in the Diqlalkane S~NC~UIX on Hydmconversion with 
b i l e  F e m 0 0 " C  for 1 hr. 

6.2) (36.1) (0) (0)  --- --- _ _ _  _ _ _  
Selectivity( mol 9% ) 

Beraene 0 1 0 0  0 0  0 0 0 0  
Naphthalene 0 0 0 0 17.3 95.7 1.8 10.3 
ArylmelhanC 0 loob 0 0 0 89.0' 2.3' tr' 

H-DAAs 100 0 0  4x3' 2.9 868 88.1 

Arylelhane ' 0 0 0 0 0 ' 0 o.Ad tr" 
Arylpropnc 0, 0 0 0 0 0 0 7.0 

a: ReactionTme 10 hrs: b Toluene: c: 1-Melhylnaphlhdene: d Elhylnaphlhalene: e: HydmgnrsM 
Diarylalkanes: I: Cyclohenylbwzme: 8: HydmgRlsted Diaphlhyls. 
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Table 3 EIlects of Ring+ v d  Number in the D ia ry lmee  Slr~cture 
0- C for 1 hr. 

DPM WM NPM DNM 
3.1 36.1' 21.4 86 92 

Selectivity ( mol 96 ) 
Benzene 100 99 102.6 tr 0 
Naphthalene 0 0  96 
mlmethane 100' 99' g.6' 76:' 89' 

Telralins 0 0 0 9.3 7.9 
Diarylmethane --- --- 97.k 12O -_- 
H-DAAs' 0 1.5 W 15 2.9 

a: Reaction Time IO lus: b: Tolumc: c. I-Melhylnaphhlcne: d: Diphenyhelhane: 
E: (Z-NsphlhylJ-phmylme~~c; 1. Hyckqenared diqlalkanes. 

Table 4 Effects of Iron Catalysts and Reaclion Tempxature on Hydroconversion 
of Diohnvlmdhanc for 1 hr. 

Tcm , Caialysi ( g )  COW. &&$itv ( mol % ) 
("c o )  CHx' PhH MCP To1 DCHM BCH 
300 Fe (0.23 ) 58.4 0 0 0 0 13.4 86.6 
300 FeS, (0.50)' 3.1 0 100 0 100 0 0 
400 Fe (0.02)' 79.3 3.2 0 9.8 0 42.1 57 
400 FeS. (0 .50 )  59.1 0 98 0 97.2 2.4 0 

a: Cyc lohexk :  b w, ~,Methylcydohexanc: d: Toluene: e: Dicyc~ohexyhcthane: 
I: &nzykyclohexam: 8: Addi lc~ of Sulfur 0.05 8. 

Tabic 5 Additive Fllect of Hydrogcn-Donating Solvcnts and Iron Catalysts on Conversion 
R c a c l ~ o n _ o L D _ i p h c ~ l ~ ~ ~ ~ c - a I ~ C l o r l h f  

Additive (g) Gas React. Conv. SleCtivity ( mo10/0) 
Phase Timethi1 (Yo) PhH' Tal' Elmd S& CHPP' BCHP P E D L  

1 39.9 0 100 2.9 9.8 0 0 87.4 
71)s 3 1 28.6 0 100 3.8 19.5 0 0 76.7 

DHP 7.5' N: 1 7.4 0 100 6.4 39.8 0 0 53.8 

None 0 1 4615 3.4 96.6 16.5 6.2 0 0 73.4 
None 0 $ 2 7:.1 :.I E 9  ",.I :.I 0 68.9 

Fe 0.02 2 65.9 10.7 53.948.8 0 26.9 8.5 15.8 
FeS 0.5d 2 1 69.7 8.7 87 .6872 2.6 3.7 0 0 

~ e S ~ O . S d - H : _ _ 2 ~ 6 _ _ 9 , 8 6 . 8 8 6 . ~ 1 . 9 _ 3 5 0  0 
a: Rcacuon Condilion DPP 7.5 m o l .  DHN 30 ml. PH2 IO MPa: b Benzene: c: Toluenc: d: Elhylbcmcnc: 
e: Slyrene: I: C~clohe~ lphcny l~ ropane :  8: Bicyclohcxyllropane: h Phenylelhyldceslins: i: m o l :  
j: Additionof Sulfur 0.05 8 .  

- D H A L N  1 1 0 . 9 2 .  0- 

Fe 0.02 H, 1 40.0 6.6 63.4 56.2 0 24.7 5.3 13.8 

100 

:f-J 40 

20 

0 o z 4 B a i o  1 2 1  
Rescllon Time ( hr I 

:ig. 2 Reaction 01 1-[4(2-Phenylethyl)benzyl]naph~halene 

Fig. 1 EHecl of Reaction Time on the Conversion Reactlon 
01 1 -[4-~2-Phenylethyl)benryllnaphthalene. 

0 HI. 350°C. 0 Hz .380"C. 0. HZ . 400'C. 0 ' Ar .380"C. 

A .  H2. 380'C. Fe Cal(0 05 g) 

ReaCrtonCondilwlns PEEN 1 Og. DHN 30ml PH2 1OMPa. 

' Ar. 400°C. A: H2 - 380°C. DHA Adalllon(0HNPEBN = 3 0). 
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INTRODUCTION 

In a recent study we described the hydrogenation of stilbene, a-methylstyrene and 
anthracene at 410 OC under 14 MPa of hydrogen or deuterium gas in the absence of 
added catalysts to give diphenylethane, cumene and 9,lO-dihydroanthracene 
respectively.' As we were simultaneously working on the hydroliquefaction of coal- 
model compounds attached to silica: we became aware of work by Bittner, Bockrath and 
Sola? which demonstrated catalytic effects of thermally activated silica in reactions 
involving H, and D,. Using a.pulse-flow microreactor, Bittner showed that after fumed 
silica is heated at 330 OC for 16 h in an argon stream it catalyzes the reaction H, + D, --f 

2 HD at temperatures as low as 120 OC. Moreover, this material catalyzes the 
hydrogenation of ethene to ethane at 150 OC and produces ethane-d, when D, is used 
as a flow gas. We became curious to see whether silica activated in this way would 
Sewe as a hydrogenation catalyst in a static reactor. Our results and additional 
information about the catalytic behavior of this material are described below. 

EXPERIMENTAL 

Hydrogenation Procedure. Approximately 300 mg of fumed silica (Cab-0-Si1 M-5, 
Cabot Corporation) was placed in a length of (16 mm 0. d.) glass tubing with a section 
of 1 - 2 mm capillary ( ca. 16 cm long) attached to one end. Plugs of glass wool were 
placed between the silica powder and the tube exits. This assembly was heated in a tube 
furnace either at 330 OC or at 430 OC for 16 or more hours with argon flowing in the 
capillary tube and out through a ca. 2 mm hole in a stopper placed in the wide end. After 
this activation time, the tube was cooled to room temperature and a substrate was 
introduced maintaining the argon atmosphere during the addition process. The argon flow 
was then discontinued, the assembly evacuated, and the noncapillary end of the tube 
sealed under vacuum. Argon was readmitted and the reaction vessel was placed in a 
steel tube reactor under H, or D, pressure. The assembly was heated for the desired 
time period in a fluidized sand bath as described earlier! When the heating period was 
complete, the apparatus was cooled, the pressure released, the glass reactor section 
cracked open and the silica hydrolysed with ca. 30 mL of 1 M aqueous NaOH for ca. 15 
h. At this point a measured aliquot of an external standard (biphenyl in CH,CI,) was 
added. The aqueous solution was acidified and extracted three times with CH,CI? The 
glass reaction vessel was washed with CH,CI, and the washings combined wlth the 
extracts. The solvent was removed by rotary evaporation and the products analyzed by 
GC and GCIMS. 

Exchange Experiments. Experiments to assess surface exchange were carried out in 
the same way as for the D, experiments described above except that instead of cracking 
the tube open after the D, treatment, a sample of phenol in benzene was added to the 
tube through the capillary opening using small diameter polyethylene tubing. Most of the, 
benzene was pumped out and the capillary section sealed. The entire assembly was 
then placed in a tube furnace at 400 OC for 60 min. We have shown in other experiments 
that phenol-d, undergoes replacement of three of its ring deuterium atoms by hydrogen 
atoms atoms on heating with Cab-0-Si1 at temperatures above 140 OC.' After heating, 
the sealed tube was opened and the contents hydrolyzed in NaOH solution as described 
in the previous section. Control experiments showed that phenol could be recovered 
quantitatively from the hydrolysis workup and that the workup did not remove ring 
deuterium atoms. 

. 
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RESULTS AND DISCUSSION 

The results from hydrogenation of several alkenes in the presence of thermally- 
activated silica are given in Table 1. The compound examined most extensively was 
stilbene (1,2-diphenylethene), STB. 

Table 1. Reaction of Unsaturated Compounds with D, or H, in the Presence and Absence 
of Thermally-Activated Silica. 

300 90 D, A I 2 9  + 6gh I <1 

a A = Activated, NA = not activated. cidtfans = 0.085. cidfrans = 0.087. Product 
appears to be mixture of dihydronaphthalene-d, and tetralin-d,. e Remainder appears to 
be alkene isomers. DPA = Diphenylacetylene. Product contains 3.3% diphenylethane, 
DPE, and 38.8% mixed cis- and trans-STB, cidffans = 0.26. This run was carried out 
with a different procedure, however, and it is not certain that all of the DPA was available 
for reaction. Product is a mixture of DPE (29%) and STB with no significant amount of 
residual DPA. The STB shows cidfrans = 0.1 8. 

It is clear that for STB there is no reaction with D, at 350 O C  in the absence of silica and 
nearly complete hydrogenation to DPE after 90 min in the presence of activated silica. 
For the three runs carried out in the presence of silica, the deuterium distribution in the 
DPE produced was d, = 85.4%, d3 = 6.0% d4 = 3.5% in the first run, d, = 83.7%, 'L, = 
10.6% d4 = 2.0% in the second run, and 4 = 63.3%, d3 = 25.4% d4 = 7.2% in the third 
run. The balance was a small amount of do DPE present as an impurity in the STB. 
Thus, the product was mainly d, material which underwent additional deuteration at longer 
times and higher temperatures. 'H NMR showed that neither the DPE nor the STB 
remaining contained any significant amount of aromatic D whereas there was a prominent ' 

signal for the aliphatic D in the DPE produced. It will be noted that unactivated silica 
does catalyze the reaction to a lesser extent, but this might be expected in view of the 
fact that reaction temperatures are similar to activation temperatures. With naphthalene, 
there appears to be a small amount of dihydronaphthalene and tetralin being formed and 
these contain mainly 2 and 4 atoms of D respectively. However, we have not been able 
to increase the yield much above 1% by increases in time or temperature. Possible 
reasons for this situation are discussed below. 

Nonene was picked as a prototypical nonaromatic alkene and it shows 
hydrogenation to nonane. The saturated material produced under these conditions is a 
mixture of ca. 64% nonane-d, and 36% nonane-d,. The unreacted 1 -nonene is mainly 
undeuterated, but the precision required to determine small amounts of D was unavailable 
due to extensive mass spectral fragmentation. Both of the nonene isomers, presumably 
cis- and trans-2-nonene are mainly d, material but contain about 30 % do material. It thus 
seems likely that 1-nonene can isomerize under these circumstances and that at least 
part of the process does not involve the intermediacy of nonane-d,. 

The reaction is not limited to alkenes as anthracene can be reduced to 
dihydroanthracene, mainly with two atoms of D. Diphenylacetylene (DPA) is also 
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hydrogenated. At 350 OC, the STB produced is largely converted to DPE-d,. At 300 O C ,  

substantial amounts of intermediate STBs are observed, mainly 4. The STB from these 
experiments seemed to be slightly enriched in the cis-isomer but the analysis was 
inherently imprecise due to the GC overlap between cis-STB and DPE. In order to 
provide more convincing evidence that the initial product of hydrogenation of DPA is cis- 
STB, the reaction.temperature was lowered to 250 OC. Data for hydrogenation of DPA 
(with H,) under these conditions'is presented in Table II. 

Table 11. Yields of Products from Reaction of Diphenylacetylene with H, at 250 "C Over 
Thermally-Activated Cab-0-Sil. 

I' I 

a STB = Stilbene. DPA = Diphenylacetylene. Thermal equilibration gives a ratio of 
0.1 at 350 'C. OPE = Diphenylethane. e Reasons for the dramatic decrease in DPE 
formation in the 60 min run are uncertain. But, for this run the silica was activated at 430 
"C rather than the 330 OC used for all of the other runs. This result is being checked. 

It is clear from the data in Table II that the predominant product of hydrogenation 
of DPA at 250 OC is cis-STB by a ratio of at least 3 to 1. The equilibrium ratio of cis- 
/trans-STB has not been established at 250 OC, but the 5th and 6th runs of Table I show 
that at 350 "C the ratio is 0.086 and a lower value might be expected at 250 "C. Thus 
there seems little doubt that cis-STB is the kinetic product of DPA hydrogenation. This 
would seem to clearly rule out radical processes in which the two hydrogen atoms are 
transferred independently. The fact that we see none of the products expected from 1,2- 
diphenylethyl radicals: tetraphenylbutane or 1 , l  -diphenylethane also supports this ~ 

conclusion. It appears that, whatever the active site for silica-catalyzed hydrogenation 
might be, it is similar to a metal-surface type catalyst in that H atoms are transferred in 
pairs and transferred in a stereoselectively syn fashion. It seems likely that the trans-STB 
produced in this reaction results from the thermal isomerization of the cis-isomer. 
Comparison of the STB runs in Table I carried out at 300 and 350 O C  to the run in the 
last column of Table II shows that a temperature change of 100 O C  does not have the 
effect on the conversion of STB to DPE that would be expected for a thermally activated 
reaction. For the thermal hydrogenation of STB studied earlier, reaction proceeds at a 
kinetically convenient rate at 410 "C but is not measurable after comparable times at 350 
"C. It would thus seem a reasonable hypothesis that the rate-limiting step in the catalytic 
process has a low enthalpy of activation and may be controlled by geometric restrictions 
for access to the site. 

It seemed logical that if D, is combining with silica in order to be activated for 
addition to unsaturated molecules, that the formation of OD bonds must be involved and, 
this being the case, that the process would provide a mechanism for exchange of the Si- 
OH groups on the silica surface with the D, atmosphere. In their microreactor process, 
Bittner did not obselve formation of HD when D, was passed over the thermally-activated 
silica? Nevertheless, it seemed possible that this would happen under the higher 
pressures used in our experiments. To this end we carried out a series of experiments 
in which silica was activated then heated with D, followed by removal of the D, under 
vacuum and heating with phenol. Earlier work had shown that the ortho and para- 
positions of phenol undergo exchange with OH groups on the silica surface at 
temperatures above 140 OC.' After recovery from an aqueous workup the deuterium 
content of the phenol was determined by GC/MS analysis. Data are presented in Table 
111. 

Although there is some scatter in the data, it is clear that heating with D, at 
temperatures above 200 O C  introduces SiOD grou s on the silica surface. Calculations 
based on the expected5 4.5 SiOH groups per nm P of surface area suggest that roughly 
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75% of the surface SiOH groups are replaced by SiOD groups in the high temperature 
runs. The threshold temperature for the exchange reaction with D, appears to be 
between 200 and 250 'C. In the four runs carried out at 250 'C, the exchange with D, 
seemed about twice as great with silica which had undergone prior activation, however, 
the effect of activation on exchange was not as great as that on the STB reduction. 

Table 111. Deuterium Content of Phenol Exchangeda with Cab-0-Si1 (300 mg) Previously 
Treated with D, at 14 MPa at Various Temperatures. 

a See Experimental section for details of the exchange experiments 

It remains uncertain at this point whether the mechanism for deuterium exchange 
of the silica surface hydroxyl groups and the mechanism for hydrogenation of alkenes are 
linked. At least for the alkene reaction, we can roughly estimate the concentration of 
active sites by the following experiment. Activated silica is heated with D,, a process 
which Table 111 demonstrates will convert most of the surface SiOH groups to SiOD 
groups. The resultant deuterated silica (300 mg) which then has at least 0.33 mmole of 
D on the surface (after pumping off excess D,) is heated with excess STB. The STB 
then contains a small amount of DPE-d,. This amount is less than 0.015 mmole or 
roughly 10 % of the equivalents of D, present on the surface. 

We find in some experiments that the thermally activated silica also is capable of 
catalyzing the hydrogenation of aromatic rings. The circumstances of this occurrence and 
the type of compound which is susceptible are under continuing investigation. As shown 
in Table I, a small amount of naphthalene is hydrogenated under the conditions 
described. To our astonishment, DPE is more extensively hydrogenated than 
naphthalene provided that the silica is thermally activated either for several days at 330 
"C or at 430 "C for 16 h. We have found that the latter procedure gives reasonably 
reproducible results. Representative experiments are listed in Table IV. The reaction 
gives two products with gas chromatographic retention times which are very similar to 
DPE. With H, these products have mass spectra which match l-cyclohexyl-2- 
phenylethane (CPE) and 1,2-dicyclohexylethane (DCE). Each is extensively deuterated 
and the 'H NMR spectrum of the mixture shows an envelope of purely aliphatic D atoms 
in the range of 1 to 1.5 ppm from TMS. The D content of the two reduction products 
suggests that much of the material arises from the replacement of the four benzylic H 
atoms in DPE as well as the addition of three D, molecules per reduced benzene ring. 
However, evidence for exchange at the aliphatic sites of the saturated rings is provided 
by the presence of up to CPE-d,, and up to DCE-4,. The DPE which is recovered is 
mainly DPE-d, but there is evidence for some exchange in the aromatic rings as well. 

Astonishingly, when naphthalene is mixed with DPE and subjected to the 
conditions of Table IV, neither compound is hydrogenated and, moreover, the presence 
of naphthalene prevents even the exchange of the benzylic hydrogens as the DPE 
recovered contains very little deuterium. From a thermodynamic standpoint, it should be 
easier to hydrogenate one ring in naphthalene than the isolated phenyl rings of DPE. It . 
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Run 1 Run 2 Run 3 

Activation Time 42 h .16 h 16 h 

Activation Temp. 330 OC 430 OC 430 OC 

Run Time l h  l h  7 h  

/ 

Run Temp. 1 350 OC I 35OoC 1 .  350 OC 

Yield CPEa I 30.4% I 22.6%e I 37O/oe I 
Recovery DPEC 

11 Yield DCEb I 5% I 5%: 1 13%: II 
64% I 72Yog 50 %g 
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Introduction 
Coal liquefaction can be considered a viable technical alternative for production of advanced 

fuels if the coal macromolecule can be broken up into low molecular weight fragments and 
hydrogenated to decrease the concentration of aromatics in the final product. Previous studies have 
shown that the initial breakdown of coal can be achieved using various catalysts and various 
conditions. However, if the final product is to be a very high quality distillate, the coal liquids still 
need funher hydrotreatment if they are to be satisfactory. One way to improve the quality is to add 
another step to the liquefaction process. This would employ a very active catalyst to hydrogenate 
the products from the first liquefaction stage. However if operating costs are to be kept to a 
minimum, it would be advantageous to hydrogenate the coal fragments as they are being released 
during the first stage of liquefaction. Burgess has shown that ammonium tetrathiomolybdate 
(A'ITM) can be used as a catalyst precursor ina process for conversion of coal to a "proto-jet fuel" 
[I]. Coal conversion up to 95% were observed but the products were aromatic and contained some 
phenols. 

Various temperature strategies have been formulated for coal liquefaction. The majority of 
these strategies are concerned with the depolymerisation of coal and the avoiding of retrogressive 
reactions. Another important aspect of temperature strategies is the thermodynamic behavior of 
released coal fragments, With careful 'fine tuning' of the reaction conditions, it could be possible 
to have advantageous thermodynamics in the system along with reasonably fast kinetics of 
depolymerisation of the coal macromolecule. Basically, a trade-off between kinetics and 
thermodynamics is possible. 

Model compound studies can, be used to understand the fundamental behavior of coal 
fragments during coal liquefaction and coal liquids upgrading. The literature on hydrogenation of 
model compounds is vast and has been recently reviewed by Girgis [Z]. 

For the past several years we and our colleagues have been investigating the hydrogenation 
and dehydrogenation chemistry of a variety of polycyclic compounds. This work has aimed at 
investigating some of the fundamental chemical processes involved in various aspects of fuel 
utilization. The compounds investigated have included decalin and tetralin [3], anthracene [4], 
phenanthrene (5.61, pyrene [6 ,7]  and chrysene [6]. 

This paper will discuss the hydrogenation and dehydrogenation behavior of naphthalene 
and pyrene. Kinetic and thermodynamic parameters will be calculated from product distribution 
trends. From these parameters it should be possible to outline a possible reaction strategy that 
allows all these compounds to remain in their hydroaromatic states during a coal liquefaction 
operation. 

Experimental 
All reactions were carried out in 25ml microautoclave reactors (made of type 3 16 stainless 

steel). In all runs, 3+0.01g naphthalene or pyrene (Aldrich, 99%. used as received) and 
0.075M.005g ammonium tetrathiomolybdate (Aldrich, used as received) were weighed into the 
reactor. The reactor was then evacuated and pressurized with hydrogen to 7MPa. Heating was 
accomplished by lowering the reactor into a fluidized sand bath preheated to the desired 
temperature. After a measured reaction time, the reactor was quenched to room temperature by 
immersing it in a cold water bath. The products from the reaction were removed from the reactor 
using THF. The THF was removed by rotary evaporation and the product was weighed. It was 
found that in all cases the weight of the products equaled the weight of the original compound 
before reaction. The products were dissolved in acetone and analysed using a Perkin-Elmer 
8500GC. 

In order to determine the dehydrogenation behavior of the hydrogenated pyrenes, the 
products from pyrene hydrogenated at 350°C and 60 minutes, 4 W C  and 80 minutes, and 450°C 
and 40 minutes, were catalytically dehydrogenated under Nz. This was accomplished using the 
same reactors as in the hydrogenation step. The products from the three hydrogenations listed 
above were weighed into the reactor along with a 1 wt% (metal) loading of A'ITM. The reactor was 
pressurised with approx. 3MPa N2 and immersed in a sand bath at the desired temperature and for 
the desired reaction time. After this time, the reactor was quenched as before, and the products 
were removed using THF. The products were analysed using GC as before. The dehydrogenation 
behavior of tetralin was investigated in a similar way to the hydrogenated pyrenes. 

Results and discussion 
1. Naphthalene 
Thermodvnmcs. 

Figure 1 shows the product distributions of naphthalene hydrogenation at 350, 400 and 
450'C for various reaction times up to 3hrs. In all cases only tetralin was detected as a 
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hydrogenation product of naphthalene. No decalin was observed. Cracking/isomerisation products 
of tetralin were observed at 450'C. but total concentration did not exceed 5wt%. At 450'C. 
conversion of naphthalene to tetralin reaches a maximum at 51%. At 4 W C ,  conversion is 62% 
and at 350'C the reaction does not reach equilibrium, but after 3hrs conversion is 72% (to calculate 
Kp for 350'C reaction, extrapolation used to assume 95% conversion). Figure 2 shows how the 
product distribution at equilibrium varies with temperature. From these equilibrium compositions, 
Kp values were calculated as below: 

Kp = Itetralinleq. 
[naphthalene]eq.[H~ pressure12 

Table 1 reports the Kp values for naphthalene hydrogenation. As expected, Kp decreases with 
increasing temperature. This is because thermodynamics controls the extent of the reaction as the 
temperature increases. 

The variation in Kp with temperature can be used to find the enthalpy of the reaction. This 
is done using the van't Hoff isochore equation: 

d In Kp/dT = AH/RT* 

A van? Hoff plot gives a value of -32 kcalhol.  This is in agreement with values given in the 
literature (-29-32 kcal/mol) [8,9]. 

1. Reversible reaction kinetics 

of the forward and reverse rate constants: 

l€&ic% 
This can be modeled as a first order process with an effective rate constant equal to the sum 

- dCA/dt = kfCAPH2" - k&N 

where CA = concentration aromatic at time t, CN = concentration hydroaromatic at time t, kf = 
forward rate constant and kr = reverse rate constant. 

On integration, the following expression is derived: 

In CA - CAe 1 CAo - CAe = -(kf+kr) t 

where CAO is the initial aromatic concentration and CAe is the equilibrium aromatics concentration. 

2. Irreversible reaction kinetics. 

to obtain the forward rate constant: 
If equilibrium effects are negligible, a simple pseudo-first order kinetic model can be used 

If values of the above equation are plotted upto the time where equilibrium effects the reaction, a 
good approximation of kfcan be obtained. 

Table 1 shows the calculated values of the rate constants calculated from plots of the above 
kinetic equations. Figure 7 shows an Arrhenius plot of the calculated rate constants. An activation 
energy of 14.7 kcaVmol for the forward reaction, and 25.5 kcaYmol for the reverse reaction were 
calculated. From this plot, dehydrogenation would be favored over hydrogenation at a temperature 
of 416°C. 

!hW If hydroaromatics are to be produced from aromatics. two factors have to be considered. 
I .  Conversion. 
2. Length of time to get to the desired conversion level. 

As can be seen from the data, conversion decreases with increasing temperature, but the 
kinetics of the reaction are slower at lower temperatures. From the data, it can be concluded that 
high temperatures are desirable for the first 40 minutes of reaction, but after this time 
thermodynamics limit the conversion. At this point, it is then advisable to drop the temperature to 
below 400°C. and continue to convert naphthalene to tetralin as seen in the 350'C reaction. To 
hydrogenate only at 350'C would take too long to achieve respectable conversions, i.e. conversion 
at 350°C and 120 minutes is the same as 450°C and 60 minutes. Therefore in hydrogenating 
naphthalene to tetralin a reverse temperature stage reaction is proposed. 
Stage I .  4OO'C and 40 minutes reaction time. 
Stage 2.350'C and 60 minutes reaction time. 

Dehydrogenation reactions of tetralin 
Figure. 3 shows the product distribution of tetralin dehydrogenation at 350,400. and 450'C 

for reaction times up to 30 minutes. As temperature increases, the rate of dehydrogenation 
increases. and the conversion of tetralin to naphthalene also increases. At 350 and 400°C. 
conversion to naphthalene does not exceed 13%. but at 450'C conversion is 42%. This explains 
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the rapid approach to equilibrium seen in the hydrogenating reactions and the relatively low 
conversions seen at the high temperature of 450°C. 

2. Pvrene 
I ~- 

-stribution of pyrene. dihydropyrene, tetrahydropyrene and hexahydropyrene are 
shown in figures 4 and 4b. From these product distributions it can be seen that temperature is 
affecting the conversion of pyrene to hydrogenated pyrenes. At 450°C. equilibrium is reached after 
20 minutes. with 28% conversion of Dvrene. At 4WC.  eauilibrium is reached after 80 minutes. ~~~~ ~. 
with 45% conversion of pyrene. At 33&C, equilibrium is io t  observed, even after 120 minutes of 

'reaction. Conversion at this point is  55% pyrene to hydrogenated pyrenes. These product 
distribution trends are similar to that observed for naphthalene hydrogenation in that as temperature 
increases. conversion decreases but the rate of reaction to equilibrium increases. Figure 5 shows 
the equilibrium composition of pyrene and total hydrogenated pyrenes. Kp values are reported in 
table 1. Kp decreases with increasing temperature. These values can be used to determine the 
enthalpy of reaction as described earlier. A value of -6.4 kcaVmol is obtained from a van't Hoff 
plot. This value is a reasonable comparison to the value obtained by Johnston (-10 kcal/mol)[lO]. 

Kinetics. 
A similar model is used for evaluation of pyrene kinetic data as was used for naphthalene. 

Rate constants ar reported in table I .  Figure 8 shows an Arrhenius plot for the calculated rate 
constants. An activation energy of 6.83 kcal/mol for the forward reaction, and 21.5 kcaVmol for 
the reverse reaction were calculated. From this plot, dehydrogenation would be favored over 
hydrogenation at temperatures above 350°C. 

Kmetics vs thermodvnarmcs. 

stage reaction is proposed for pyrene hydrogenation: 
Stage 1.400'C and 20 minutes reaction time. 
Stage 2. 350'C and reaction time set for the desired conversion. 

Dehydrogenation of hydropyrenes. 
Figure 6 show the dehydrogenation product distributions of dihydropyrene, 

tetrahydropyrene and hexahydropyrene. It can be seen that dehydrogenation is rapid and complete 
at 450'C. At the lower temperatures, dehydrogenation is slower and complete dehydrogenation to 
pyrene is not seen in the 30 minutes reaction used in this study. 

Comparisons between naphthalene i n d  pyrene 

as ring size increases, enthalpy of reaction increases and activation energy decreases. 

Future Work 
The work will be expanded to include 3-ring systems and other 4-ring compounds. When 

the parameters are calculated for these compounds and plotted vs ring size, molecular weight etc., 
i t  should be possible to make predictions as to how other compounds behave under 
hydrogenating/dehydrogenating conditions. Ideal temperature strategies will be estimated from the 
product distribution curves and compared for the different compounds. 
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Table 1. Kinetic and thermodynamic parameters for naphthalene and pyrene hydrogenation 

. .  
The same arguments apply for pyrene as they did for naphthalene. A reverse temperature 

Table 1 shows a comparison of the parameters for the two compounds. It can be seen that 

I K ~  ~p ~p Umin-1 k/min-l Wmin-1 AH z.; 
350C 400C 45OC 35OC 4OOC 45OC kcdmol kcdmol 

Naphthalene 0.0045 0.00037 0.00027 kf 0.0059 kf 0.0150 kf 0.0301 -32 
kr 0.0027 kr 0.0125 kr 0.0194 

kr 0.0100 kr 0.0342 kr 0,1103 
P p n e  0.0078 0.0058 0.0038 kf 0.0088 kf 0.0139 kf0.0187 -6.4 6.8 
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Introduction 

The increased interest in the molecular modeling of hydrocarbon conversion processes is 
motivated by the need to predict both the performance and environmental properties of the 
products. A molecular description of the hydrocarbon mixture is the logical starting point for these 
predictions, which has motivated considerable interest in the development of molecular reaction 
models. 

The construction of such models is complicated by the enormous need for rate, adsorption and 
equilibrium parameters. This staggering need can be reduced considerably when the homologous 
patterns of both compound types and their reactions in these mixtures can be recognized. This has 
motivated the development of a lumping approach that organizes the kinetics information in 
potentially thousands of rate, adsorption and equilibrium constants into the parameters of a handful 
(O( IO)) of Quantitative Structure/Reactivity Relationships (QSRR) using the formalism of Linear 
Free Energy Relationships. 

The application of these ideas to hydrocracking is quite recent. For example, Landau (1991) 
verified the applicability of the QSRRs to dealkylations of butyl tetralins. Neurock (1992) showed 
that the standard enthalpy of reaction of the controlling elementruy step could be used to correlate 
the kinetics of both dealkylations and isomerizations. Korre (1995) developed QSRRs for 
hydrogenation of polynuclear aromatics using the same principles. All of the foregoing work was 
limited to a set of "isothermal correlations", Le., one correlation was developed for each 
temperature.' Clearly, a more universal, temperature-independent correlation would be desirable. 

acid center transformations during hydrocracking, and 2) the dependence of QSRRs on 
temperature for both metal- and acid- catalyzed reactions. The tangible result of such correlations 
would be the organization of energetic and entropic quantities for both overall reaction and 
activation for a wide range of hydrocracking reactions. 

The present work aimed to exploit this concept and explore I )  the applicability of QSRRs to the 

Experimental Results 

A batch autoclave equipped with reactant injection and sample procurement systems was used. 
Naphthalene and phenanthrene hydrocracking were studied over the temperature range of 300- 
37OOC. The reactant mixture consisted of 30 g of a 50% wt mixture of naphthalene and 
phenanthrene, dissolved in 15 g of cyclohexane. The reactant mixture was introduced in 400 g of 
cyclohexane as a solvent at the arbitrary t=O time with hydrogen back pressure. The solvent was in 
a supercritical phase at all conditions, and the hydrogen pressure was varied from 62 atm (30OOC) 
to 70 atm (370°C) in order to ensure conslant hydrogen concentration of I .33 gmol/l during all 
experiments. 
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The evolution of phenanthrene and naphthalene conversion with time is presented in Fig. 1. 
Conversion rates for both reactants were accelerated with increasing temperature. The effect'of 
temperature was more pronounced at temperatures lower than 350'C. At the temperatures of 
350"C, 365°C and 37OoC, the influence of thermodynamic equilibrium on the hydrogenation rates 
began to appear. 

Naphthalene and phenanthrene hydrocracking product yields vs. reactant conversion are 
presented in Fig. 2. Fig. 2f indicates that virtually all naphthalene was converted lo tetralin at all 
temperatures, up to naphthalene conversion of approximately 0.6. At higher naphthalene 
conversions, the maximum in tetralin yield decreased with increasing temperature. This implies that 
tetralin consumption rates had a stronger temperature dependence than its formation rate from 
naphthalene hydrogenation. For irreversible reactions, a stronger temperature dependence is 
associated with a higher activation energy. 

The effect of temperature on the yields of di- and tetra- hydrophenanthrene with respect to 
phenanthrene conversion is presented in Fig. 2a and Fig. 2b, respectively. The maximum yields 
for di- and tetra- hydrophenanthrene did not significantly diverge from 0.08 and 0.14 respectively, 
for all reaction temperatures. This indicates that their production and consumption reactions had 
similar temperature dependence. 

the dual-site LHHW (Langmuir-Hinshelwood-Hougen-Watson) rate expression of Eq. 1 .  
These experiments led to the reaction network of Fig. 3. This allowed parameter estimation to 

In Eq. ( I ) .  Ci, Cj, CI were component concentrations (mol I- ') ,  kij. kil were combined numerator 
rate parameters ( I  kg,,l-l SI), and Kij, Kil were the equilibrium ratios (mol ilmol 'IPH2"). DH. 
DA were the adsorption groups for the metal (hydrogenation, H) and zeolite (acid, A\ sites 
respectively, defined in Eq. (2). 

D" = I + C K ~ c , ,  D* = I + C K:C, 

In Eq. (2). KiH. K$ (I mol-') represented individual component adsorption constants on the 
metal and acid sites, respectively. 

A total of 2 I numerator rate parameters (kij) and I7 equilibrium parameters (K;.) were 
regressed for each of the eight reaction temperatures, corresponding to the naphthdene and 
phenanthrene hydrocracking networks of Fig. 3. Thus a total of 304 numerator rate parameters 
and equilibrium ratios were required lo represent the kinetics of naphthalene and phenanthrene 
hydrocracking in the temperature interval 3W370"C. In this first-pass parameter estimate, the 34 
adsorption constants for the metal and acid sites were not included; their addition for each 
temperature would have brought the total parameter number to 576. The overall agreement between 
experimental and calculated concentration profiles was very good. The sum-of-squares ermr on 
concentrations was less than 5.10-3 at all temperatures. 
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Reactivity Indices 

The foregoing parameter estimation information shows that even the relatively simple hydrocracking 
networks of naphthalene and phenanthrene required 21 rate, 17 equilibrium and 34 adsorption constants at 
each temperature. Extrapolation to the demands of a heavy oil suggests that a lumping strategy aimed at 
representing this information in terms of fewer parameters would be very useful. To this end, it seemed 
cogent to attempt to organize the hydrocracking reactions into reaction families, which could in turn be 
characterized by quantitative structure/reactivity relationships. 

The present development of QSRRs for each reaction family essentially is a model of the variation of 
the activation energies (E*, kcal/gmol) and pre-exponential factors (A, Vkgca,/s) within a reaction family. 
The concept of a reaction family exploits either a constant pre-exponential factor, or one that compensates 
with changes in E*. The latter approach, adding flexibility, was used to relate changes in pre-exponential 
factors within a family to changes in activation energies. The activation energies for the acid center 
reactions were correlated with the enthalpy of formation of the carbocation intermediate (&+, kcaUgmo1). 
The activation energies for the metal center transformations were correlated with the enthalpy of reaction 
(AH$, kcal/gmol). Similarly, equilibrium constants for all reactions were correlated with mR0, using the 
compensation notion to constrain the overall reaction and adsorption entropies. The adsorption constants 
for both metal and acid sites were correlated with the number of aromatic rings ( N u )  and the number of 
saturated carbons (Nsc). All thermochemical quantities were calculated with semi-empirical molecular 
orbital calculations (MOPAUAM 1). 

Parameter Estimation Results 

The parameter estimation was performed to the concentration vs. time experimental data from 
naphthalene/phenanthne hydrocracking in the temperature interval 300-370°C. This represented 
approximately 1600 experimental concentration measurements. The quantitative structure/reactivity 
relationships were imposed for the relevant reaction family to summarize a total of 304 numerator rate and 
equilibrium constants and 272 adsorption constants on metal and acid sites. The final quantitative 
structureheactivity relationships summarize the results. These are given in the following Eq. (3) - 
Eq. (12): 

Hydrogenations: 

Adsorption: In Kads = 1.324+(0.887N~R+0.123N~~)/RT (3) 
Equilibrium: In K = -7.017 n'+ (l/RT-0.54707) IAH,Ol (4) 

In k = In  Kads + ll In P H ~  + In AH - E*H/RT ( 5 )  
In AH = -(6.613+5.767 n); E'H = 0.228 IAH,ol (6) 

Rate: 

Acid Center Transfotmations: 

Equilibrium: In K = - I . 7 7 5 + ( 1 . 4 6 9 - I / R T ) A H r o  
Adsorption: In K& = 0.182+( I .934N~R+O.l87Nsc)/RT 

Isomerization Rate: 
In k = -2.89 - 305. (0.585-llRT) + (1-110.585RT) AH,+ (9) 

(10) 

(11) 

(12) 

(E'i = -305 .  + 1.709 AH,+; I n  Ai = -2.89 + 0.585 E*i) 
Ring Opening Rate: 

In k = In PHZ -4.64 - 271 (0.585-11RT) + (I-110.585RT) AH,+ 
(E*Ro = -271. + 1.709 AH,+; In  ARO = -4.64 + 0.585 E*Ro) 
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Fig. 2 summarizes these parameter estimation results in terms of a set of a yield-vs.- 
conversion plots for key products. The sum-of-sqoares error on concentrations was less than 0.05. 
The Predictions follow the experimental data very closely, considering the reduction in the.number 
of Parmeters from 576 to 17. 

Summary 

The number of parameters needed to describe hydrocracking kinetics was reduced by the 
development of temperature-independent quantitative structurelreactivity relationships for the 
activation and reaction enthalpies and entropies. This approach can be summarized in the 
quantitative structure/reactivity relationships of Eq. (3)-Eq. (12) for the calculation of rate, 
equilibrium, and adsorption constants. In turn this allowed the kinetics of naphthalene and 
phenanthrene to be represented very satisfactorily, over a wide temperature range, in terms of just 
17 QSRR parameters. These 17 parameters summarized the chemical information in 576 rate, 
equilibrium, and adsorption constants, which shows that the QSRR approach reduced the number 
Of modeling parameters by about 97%. 
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Ih'TRODUCTION 

The hydrogenation of aromatic and polyammatic compounds are typically exothermic [1,2]; 
therefore, a lower reaction temperature is thermodynamically favorable. However, in considering 
the hydrotreating process of heavy liquids where polycyclic aromatic compounds are abundant, a 
reaction temperature above 623K is typical which consequently requires a high concentration of 
hydrogen to offset the limitation of thermodynamic equilibrium conversion. Noble metal catalysts 
are active for the hydrogenation of aromatics even at a temperature below 473K 12-41. but they 
were not used for hydrotreating purpose owing to the cost and their susceptibility to the 
poisoning by sulfurcontainiing compounds [5]. However, recent studies showed that noble metal 
catalysts may not be as sensitive to sulfur as what has been recognized [6-101. This study is 
therefore attempted to probe the possibility of using noble metal catalysts for low-temperature 
hydrotreating reaction in the presence of sulfur-conraining compounds, and the model reaction of 
naphthalene hydrogenation in the presence of benzothiophene was used. 

EXPERIMENTAL 

Pt/A1203, Pd/A1203. and PmiO2 catalysts were all prepared by incipient wetness method using 
H2PtC16 (Aldrich, 99.995%) and PdClz (Aldrich, 99.995%. dissolved in ultra pure HCI before use) 
as the precursors. The pore volume and surface area of the support are 0.8 cc/g and 200 d / g  for 
y-AZO3 (Sumitomo Metal Mining, S-1. grounded to 80-120 mesh size before use) and 0.5 cc/g 
and 50 r@/g for Ti02 (Degussa. P25). The supports were calcined at 773K under dried air flow 
for 2 h before. catalyst preparation. A nomial loading of 2% metal was used for all three catalysts. 
A commercially available Nio/A1203 hydrotreating catalyst (Shokubai Kasei. P-modified and 
presulfided) was used without further pretreatment and as a reference for comparison in this study. 
Pretreatment of catalysts were carried out in a flow-type glass reactor which has a side arm to 
connect to a catalyst transfer tube with which the reduced catalyst powders can be poured into the 
transfer tube without exposing to the air. The transfer tube loaded with pretreated catalyst was 
usually stored under N2 environment in a home-made glove box. The pretreatment conditions for 
these noble metal catalysts were Hz reduction at 723K for Pt/A1203,20% 02 calcination at 673K 
for Pd/A1203, and Hz reduction at 473K for Pd/TioZ, these conditions were found to cause 

,relatively higher activities for naphthalene hydrogenation at 553K with these three noble metal 
catalysts. 

Hydrogenation was studied using tubing bombs made from weld connectors (Swagelok", ~ ~ 3 1 6 ) .  
and a 114" tube as the side arm for connection to a pressure gauge and a close-off valve. The 
total inner volume of the bomb was approximately 25 cc. Bombs were typically loaded with 4 g 
mdecane (Aldrich, 99%). 1 g naphthalene (Fischer, celtifed grade), and benzothiophene (Fluka, 
99%) in some cases. msferred into the home-made glove box, loaded with pretreated noble 
metal catalyst, capped using wrenches, hansferred out of glove box. and further tightened. 
Thereafter, the bomb was connected to a gas manifold via its side-am and the atmosphere inside 
the bomb was replaced by hydrogen (MG Ind., 99.999%) using dilution purge, Le., at least 8 
cycles of pressurizing with Hz to lo00 psig followed by a careful venting to approximately 50 psig. 
At the completion of dilution purge, the bomb was charged with Hz to either loo0 psig or 1500 
psig, disconnected from the manifold, sinked into a fluidized sandbath (Tecam) preset to the 
desired reaction temperature, a id  the reaction was am& After the reaction time was reached, 
the bomb was removed from the sandbath and quenched in water. Ihe reaction temperature was 
typically ConaOUed to an accuracy of f l @ ~  

After reaction, the pressure in the tubing tomb was carefully released to prevent from any 
entrainment of liquid in the vent gas; part of the vent gas was collected in a gas bag for later 
composition analysis. The bomb was then opened and the liquid content was poured into a funnel 
with filter paper, and the bomb was rinsed and flushed with acetone (Aldrich, 99.9%); the tiltrate 
and the wash solution are separately stored in small vials for later analysis. The solid residue on 
the filter paper was dried in an oven at 1 2 W  for at least 3 h and then weighed. 
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The composition of vent gas was analyzed with GC (Perkin-Elmer 5800) using Chemipack C18 
(Alltech, 1[g, 6ft) co~umn with FID and Carboxene loo0 (Supelco,l/”’, 15ft) column with TCD. 
The gas yield and the mount  of H2 reacted were calculated from the average molecular weight of 
vent gas, the bomb pressure after reaction, and the weight change before and after the bomb was 
vented. Liquid samples were quantitized by adding known amount of n-nonane (Aldrich. 99.9%) 
followed by GC (Hp589OII) analyses with either a DB-17 (J&W, 3OmxO.25mm) or a Rtx-50 
(Restek, 3omX0.25mm) capillary column and the FID, the response factors of individual species 
were determined by injection of mixtures of known composition. GC-MS (HP5890II GC with 
W5971A MSD) equipped with the same capillary column was used to obtain ShUctural 
information of unknown species from time to time. The sum of the liquid products in both the 
filtrate and the wash solution samples were used as the overall yields of liquid products. The yield 
of solid product was taken as the weight difference between the solid residue and the catalyst 
loaded in the reactor. An overall mass balance of f10% was obtained with this kind of analysis; 
most experiments show an overall mass balance within S%. 

RESULTS AND DISCUSSION 

The results of naphthalene hydrogenation at 553K over these three noble catalysts and the 
NiMo/A1203 catalyst are shown in Table 1. The naphthalene conversions over Pt/AlzOs, 
PdA1203. and Pq/riOz were all above 70% in the one-hour mn, comparing to a 17% conversion 
over NiMo/AlzOj at a 50% higher catalyst loading; it is clear that the three noble metal catalysts 
are much more active than the NiMo/AlzO3 hydrotreating catalyst at this reaction condition. Also 
included in Table 1 are the hydrogenation results of TiOz and HCI treated A203; it is clear that 
the high activities of these three noble metal catalysts cannot be attributed to the support or the Q 
residue in the catalysts, Beside the higher naphthalene conversions with the thee  noble metal 
catalysts, the selectivities to hydrogenated naphthalene products (dihydronaphthalene, tenalin, and 
decalins) and the ratios of the moles of hydrogen reacted to that of naphthalene reacted, AWAN. 
are also significantly higher than the NiMdA1203 catalyst. The calculated AWAN ratio for the 
three noble metal catalysts roughly agrees with the amount of hydrogen added to form the 
hydrogenated products based on the product analysis. This indicates that the hydrogen reacted 
was almost all used for hydrogenation with the noble metal catalysts; whereas, for NiMdAlzCh 
pan of the hydrogen reacted was used to form gas products. This implication agrees with the low 
yields to solid and gas products with the noble metal catalysts. It is clear that the noble metal 
catalysts are more suitable for the hydrogenation of naphthalene and. likely. more suitable for the 
hydrotreating purposes at 553K. 

It is interesting to note that the main product of the naphthalene hydrogenation is tenalin at 553K 
even when the naphthalene conversion is above 90% (Table 1). As the naphthalene 
hydrogenation and the t e d i n  hydrogenation are both exothermic reactions, a higher equilibrium 
yield to deeper hydrogenated products is expected from thermodynamics when a lower reaction 
temperature is used. Therefore, the naphthalene hydrogenation at 473K was studied and the 
results are shown in Table 2 for the three noble metal catalysts. It appears that the selectivities to 
decalins increase only when high naphthalene conversion was achieved at 473K; it seems that a 
more detailed study is needed if a high selectivity to decalins is desired. However, the 
hydrogenation abilities of these noble metal catalysts are clearly shown from the high selectivities 
to hydrogenated products, high AWAN ratios, and the low selectivities to gases and solids in 
Table 2. This indicates that noble metal catalysts can be useful for low-temperature polyammatic 
hydrogenation. 

n e  results of naphthalene hydrogenation in the presence of benzothiophene are also included in 
Table 2. The addition of 0.2% (wt) of sulfur in the form of benzothiophene caused a 87, 53. and 
39% decrease in the naphthalene conversion respectively for the P1/AIz03, Pd/AIzO3, and Pd/Tio2 
catalysts in the one-hour mns; whereas, a 90. 84, and 57% decrease was observed respectively 
when 0.5% (wt) of sulfur was added. It is clear that organic sulfur compounds can significantly 
hinder the hydrogenation activities of noble metal catalysts and a higher sulfur content resulted in 
a lower conversion during the same period of reaction. However, the above percentages of 
decrease in naphthalene conversion indicate that palladium catalysts are less sensitive to sulfur 
compound than the platinum catalyst and that the Ti& support can be beneficial in regards to the 
catalytic hydrogenation activity in the presence of benzothiophene. 

Experiments with an extended reaction period (8 h) showed that the naphthalene hydrogenation in 
the presence of benzothiophene can proceed to a conversion as high as 89 and 78% respectively 
for PdlriO2 and PdAlz03. As no benzothiophene was identified in the liquid products from all 
the runs with the addition Of benzothiophene. it implies that benzothiophene was adsorbed 
favorably to naphthalene and reacted SIOWI~R than the naphthalene under the reaction conditions 
of this study. As the benzothiophene was gradually convened to another sulfur species not held 
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on the catalytic surface, the naphthalene hydrogenation started and gradually went to completion. 
Since no other form of sulfur compound waS identifed in the Liquid products except small amount 
of dihydrobenzothiophene and since the yield to ethylbenzene which is included in R-(1-ring) 
category in Table 2 increased with the reaction time, it is speculated that the conversion of the 
benzothiophene over these noble metal catalysts proceeds via a hydrodesulfurization reaction to 
ethylbenzene and hydrogen sulfide with dihydrobenzothiophene as the intermediate. Accordingly, 
the hydrogen sulfide formed should not be a poison. at least to the palladium catalysts used in this 
study. It should be noted that hydrogen sulfide was not included in the products because it could 
not be identified with the analytical tools used in this study. Although the possibility of the 
formation of SOz species over Ti02 [6] could not be excluded from this study, the above 
speculation is preferred because PdA1203 also catalyzed the naphthalene hydrogenation to 78% 
conversion in the 8-h run with the addition of benzothiophene. It is also interesting to note that 
the selectivities to hydrogenated naphthalene products were not Significantly affected by the 
presence of benzothiophene, as shown in Figure 1; this again agrees with the speculation that 
naphthalene hydrogenation could occur simultanmusly with the benzothiophene 
hydrodesulfuxization. These results suggest that noble metal catalysts can be useful for low- 
temperature hydroueating purpose even when the feed contains sulfur. 

In an effort to obtain a quantitative analysis of the effect of benzothiophene on the naphthalene 
hydrogenation over these noble metal catalysts, a pseudefmt order kinetics [l] is assumed 
applicable to the results of this study. As a consequence, the apparent rate constants can be 
estimated by the slopes from a graph like Figure 2, where the results reported for the naphthalene 
hydrogenation at 553K (Table 1) and the hydrogenation at 473K in the presence of 0.5% (wt) 
sulfur Fable 2) are presented according to the pseudo-first order kinetics. The effect of sulfur 
compound on the rate of naphthalene hydrogenation is then estimated by the ratio of the apparent 
rate constant in the presence of benzothiophene to that with no addition of benzothiophene, Le., 
k&. After correcting for the amounts of catalysts used in different runs, the k~(473K)/rc(553K) 
ratio was found to be 0.1, 0.12, and 0.02 for Pd/T&, PdAlzB, and F'tlA1203 respectively. If 
the activation energy that Nieuwstad er a/. reponed for 2-methylnaphthalene hydrogenation over 
Pd/C catalyst (41, 10 kcal/mol, is used to correct for the effect of reaction temperature, then the 
ks(473K)/rc(473K) ratio becomes 0.46, 0.56, and 0.1 respectively for PrniOz, Pd/AIzO3, and 
WAIzO3. This again indicates that the palladium catalysts are less affected by the presence of 
benzothiophene. The ratios for the two palladium catalysts are comparable to the calculated k& 
ratio of 0.73 for Nio/Alzo3 at 623K based on the equation reported by Lo [1,11] and the 
benzothiophene concentration used in this study. This indicates that the palladium Catalysts are 
comparable to NiMo/AhO3 for simultaneous hydrogenation and hydrodesulfurization even at a 
lower reaction temperature where NiMolAlzO3 catalyst shows little activity. 

From Tables 1 and 2, the three noble metal catalysts studied showed their potentials for 
applications in the plyaromatic hydrogenation and hydroueating purposes. The high ac 
group VIII metal catalysts toward hydrogenation of alkylbenzenes and of polycyclic aromatic 
compounds have been known for some dmes [2-4]; their activities toward hydrogenation of 
plyaromatic compounds can be orders of magnitude higher than the conventional hydroueating 
catalysts such as NiMo/A1~03[2]. Even the presufided Pt and Pd catalysts showed significantly 
higher hydrogenation activities and C-N hydrogenolysis activities than sulfided Mo catalyst [12]; 
this indicates that sulfur-poisoned noble metal catalysts might still have comparable activities to 
the conventional hydroueating catalysts. Thus, as the energy efficiency and the activity of the 
hydrotreating catalyst are concerned, the use of noble metal catalysts for lower-temperature 
hydroueating purposes seems to be a reasonable choice. However, the preparation of optimal 
supported noble metal catalyst for these applications still waits for more detailed studies. 
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Table 1. Naphthalene Hydrogenation over Various Catalysts at 5533 using Tridecane 
as the Solvent 

NiMo/AIzOa Pt/A1203 PdAIzO3 P n i O z  Ti02 HCUAIz03 

f 
4 

Feed 
Catalyst(rng) 207 127 136 132 137 144 131 132 134 

W(psig) loo0 loo0 lo00 loo0 loo0 loo0 loo0 loo0 loo0 
W(rng) 1001 1001 1003 1002 1011 1002 1004 1001 1005 

p(v) 280 280 280 280 280 280 280 280 280 
Reaction 

Time(h) 1 1 2 1 2 1 2 1  1 
xN4 (96) 17 72 86 77 90 84 98 9 11 

&5(-01) 2 10 15 10 16 12 15 3 5 
A W A P  1.5 1.8 2.2 1.7 2.2 1.8 1.9 4 5.8 

Yield'(mg) 122 804 949 829 992 863 1016 50 72 

di-H-NE 0.2 0 0 0 0 0 0 0.2 0.3 
Tenah  55 92 85 90 90 92 90 16 6 

[-Decalin 0 3 7 2 2 1 6 0 0 
c-Decalin 0 2 5 0.7 0.4 0.2 1 0 0 

R-(l-riq$ 6 0.6 0.6 2 0.5 0.6 0.5 5 3 
R-(2-Mg)I0 I 0.1 0.2 0.1 0.1 0.2 0.2 1 0.4 
R-(3+Mg)I1 0 0 0 0 0 0 0 0 2 

Solid 0 0.2 0.5 0.3 0.2 0 0 2 2 
Gas 38 3 1 s 7 6 3 76 a7 

Product (wt%) 

I H2 feed at mom temperature to an accuracy of f20 psig. 
2 Naphthalene. 
3 Temperature setting of the sandbath; the accuracy of actual reading is f100C. 

Naphthalene conversion, calculated from the amount of N remained and the amount of N fed. 
J Number of moles of Hz reacted. 
6 Molar ratio of Hz reacted to N reacted. 
7 Overall yield of products listed below. 
8 Dihydronaphthalene. 
9 R-(1-ring) includes alkylbenznes and alkylcycloparaffins. 

lo  R-(2-ring) includes indenes, indanes, alkyltetralins, alkylnaphthalenes. and biphenyls. 
11 R-(3+ring) includes species having at least 3-ring suucNres. 
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Conversion (%) 

Figure 1.Selectivity to tetralin and decalins as a function of naphthalene 
conversion during the naphthalene hydrogenation at 473K over 
Pd/AIz03 ( 0,Q) and PdlI'i02 ( 0, [XI). Open symbols: runs with 
no addition of benzothiophene; filled symbols: runs with the 
addition of benzothiophene. 

Time (h) 

Figure 2. Pseudo-fust-order plot of the naphthalene hydrogenation over 
Pt/A1203 ( 0, a), Pd/A1203 ( 0, m) and P m i O z  ( a, A). Open 
symbols: runs at 553K with no addition of benzothiophene; filled 
symbols: runs at 473K with the addition of benzothiophene. 
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EFFECTS OF DISPERSED Mo CATALYSTS AND HzO ADDITION 
ON HYDROGENATION AND HYDROCRACKING OF 

4-(1-NAPHTHYLMETHYL)BIBENZYL 

Eckhardt Schmidt* and Chunshan Song 

Fuel Science Program Department of Materials Science and Engineering, 205'Acaa'emic 
Projects Building, The Pennsylvania State University, University Park, PA I6802 

This paper reports our results on the effects of dispersed Mo catalysts and H2O addition on 
hydrogenation and C-C bond hydrocracking of 4-( 1-naphthylmethyl)bibenzyl, abbreviated as 
NMBB. Batch studies in micro reactors (initial cold H2 pressure of 6.9 MPa) revealed that active 
catalysts can be generated in situ from either ammonium tetrathiomolybdate (ATTM) or Mo(CO)6 
under the reaction conditions (350 or 400 "C, 30 min) with the main catalysis of the latter for 
NMBB hydrogenation, tiut the former for C-C bond cleavage. At 350 "C hydrocracking of NMBB 
proceeds with ATTM, with the bond cleavage occumng at the C-C bond between naphthyl and 
bibenzylmethyl groups to produce naphthalene and 4-methylbibenzyl. Runs at 350 "C using 
Mo(CO)6 lead to tetrahydro-NMBB-derivatives and few cleavage products. Water added to 
Mo(CO)6 suppressed hydrogenation. The combination Mo(CO)6 and S lead to almost complete 
conversion of NMBB. A run with Mo(CO)dS/H20 gave similar results. It appears that water can 
increase NMBB conversion with ATTM at 350 "C but decreases conversion for runs at 400 "C. 

Keywords: Model reactions, hydrocracking, dispersed catalysts, Mo-based catalysts. 

INTRODUCTION 

Ever since Bergius (1) demonstrated the feasibility of dispersed coal liquefaction, numerous 
studies have been made to make the process more cost effective. Suitable catalytic systems contain 
Co, Ni, Mo or its combinations (2). either as inorganic complexes, or organometallic species in a 
concentration of I wt % or lower. Good solubility of catalyst precursors generally leads to better 
catalyst dispersion and greater effectiveness for liquefaction reactions (3). It has been demonstrated 
(4) that highly dispersed catalysts from organometallic precursors can be effective for hydrogenating 
the coal with molecular hydrogen without relying upon a donor solvent. One way to achieve better 
dispersion is the use of soluble organometallic precursors which produce in situ finely dispersed 
active catalyst particles at elevated temperatures. Greater catalyst surface area increases the yield of 
products dramatically, due to greater hydrogen activation by augmented reactive catalyst sites. The 
beneficial effect of S on conversion has been demonstrated (5)  for a variety of transition metal-based 
catalysts. Recent research in our group (6) has demonstrated a strong synergistic effect between a 
Mo sulfide catalyst and water in low severity coal liquefaction reactions. This finding seems to be 
contrary to conventional wisdom. Under normal liquefaction conditions, water deactivates Mo- 
based catalysts (7). In order to help understand the mechanism of water promoted liquefaction 
reactions, we also examined the effect of water on the catalytic reactions of the model compound 
NMBB which represents a simplified model of coal. This paper reports our work on hydrocracking 
experiments of NMBB over different Mo-based metal catalyst precursors. The effects of Mo-based 
catalyst precursors on conversion and product selectivity, as well as the influence of the sulfur and 
water addition and reaction temperature on the product distribution will be discussed. 

, 

I a- 

Scheme 1: Potential cleavage sites in 4-( 1-naphthylmethy1)bibenzyl 

EXPERIMENTAL SECTION 

Preparation of Catalyst Precursors 
Sulfur and ammonium tetrathiomolybdate were purchased from Aldrich, Mo(CO)~ from Alfa 

and the model compound NMBB from TCI America. GC-MS confirmed sufficient purity of NMBB 
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(> 99 %) and it was used without further purification. 
Model compound reactions 

A reactor with a capacity of 33 mL was loaded with ca. 0.25 g NMBB, 1 wt % catalyst 
Precursor (1 wt % Mo based on NMBB) and 0.14 g solvent (tridecane). When water was added, 
the molar ratio of H20 to NMBB was 10, corresponding to a wt ratio of HzOMMBB of 0.56. The 
reactor was purged three times with H2 and then pressurized with 6.9,MPa H2 at room temperature 
for all experiments. A preheated fluidized sand bath was used as the heating source and the 
horizontal tubing bomb reactor was vertically agitated to provide mixing (about 240 strokedmin). 
After the reaction the hot tubing bomb was quenched in cold water. The liquid contents were 
washed with 15 ml CHCIj through a low speed filter paper for qualitative and quantitative GC 
analysis of the filtrate. All runs were carried out at least twice to confirm reproducibility. When 
sulfur was added, the atomic ratio of S:Mo was 4:l. 

The products were identified by GC-MS using a Hewlett-Packard 5890 IJ GC coupled with a 
HP 5971A mass-selective detector operating at electron impact mode (EI, 70 eV). The column used 
for GC-MS was a J&W DB-17 column; 30-m X 0.25-mm. coated with 50 % phenyl 50 % rnethyl- 
polysiloxane with a coating film thickness of 0.25 fim. For quantification, a HP 5890 I1 GC with 
flame ionization detector and the same type of column (DB-17) was used. Both GC and GC-MS 
were temperature programmed from 40 to 280 "C at a heating rate of 4 " C h i n  and a final holding 
time of 15 min. The response factors for 10 of the products were determined using pure 
compounds. More experimental details may be found elsewhere (8). 

RESULTS AND DISCUSSION 

NMBB Reaction a t  350 "C 

Effect of Precursor Type and S Addition 
Table 1 presents the results of non-catalytic and catalytic runs of NMBB with dispersed 

catalysts at 350 "C. NMBB is essentially inert at 350 "C under H2 pressure in a non-catalytic run. 
A'ITM showed remarkable catalytic effect on NMBB conversion at 1 wt % Mo loading. The main 
products are 4-methylbibenzyl (4-MBB) and naphthalene, which were formed from cleavage of 
bond a in NMBB. It is clear that the molybdenum sulfide in situ generated from AlTM at 350 "C is 
catalytically active, and can promote the cleavage of C-C bond a in NMBB. A?TM decomposition 
also generates extra sulfur. However, our results in Table I shows that adding sulfur alone, or HzO 
alone, had little effect on NMBB conversion. 

The material in situ generated from Mo(C0)6 at 350 'C acted as a hydrogenation catalyst. The 
dominant product with Mo(CO)~ is tetrahydro-NMBB (TH-NMBB). Sulfur addition to Mo(CO)6 
increased NMBB conversion significantly, from 50.8 to 94.3 %. Adding sulfur also changed the 
product distribution pattern. The major products with Mo(C0)6 + S are 4-MBB and naphthalene 
arising from cleavage of bond a. The mn with Mo(CO)6 + S also produced considerable amounts of 
bibenzyl and methylnaphthalene, probably via cleavage of bond b in NMBB. 

Figure 1 compares the product distribution for runs at 350 "C. An interesting result was found 
in the run with Mo(CO)6 at 350 "C. Most of the total conversion of 50.8 % can be attributed to the 
formation of TH-NMBB derivatives (45.5 mol %). This finding suggests that under low severity 
reaction conditions the initial step in hydrocracking of NMBB is the addition of hydrogen. Several 
TH-NMBB derivatives (MW 326) can be detected in the GC-MS analysis, indicating hydrogenation 
of different aromatic moieties in the model compound. At elevated temperatures activated Mo(CO)6 
cleaves NMBB completely; no more TH-NMBB derivatives can be detected, as described later. 

Effect of HzO Addition 
The addition of H20 to A m M  enhanced NMBB conversion and increased the yields of 4- 

MBB and naphthalene. Therefore, the co-use of ATTM and water appears to be beneficial for 
NMBB hydrocracking at 350 "C. However, adding H20 to Mo(CO)6 decreased NMBB conversion 
to the level close to a non-catalytic run. This indicates that added H20 either inhibited the formation 
of a catalytically active phase or passivated the active sites on the surface of the active phase or 
reacted to form some kind of catalytically inactive material. However, adding HzO to Mo(CO)~ k s 
system did not have significant effects on NMBB conversion or product distribution. 

It is interesting to note that H20 addition to the catalytic runs with either ATTM or Mo(C0)6 + 
S system did not alter the product distribution pattern, suggesting that the added water did not alter 
the reaction pathways in these cases. 

NMBB Reaction at 400 "C 

Table 2 shows the results for non-catalytic and catalytic runs of NMBB at 400 "C. NMBB is 
not very reactive in a non-catalytic run at 400 "C under H2 pressure, as its conversion is below 4 %. 
sulfur, however, began to show catalytic effect when the temperature is increased from 350 to 400 
"C. 

Both ATTM and Mo(C0)6 afforded higher conversion of NMBB at 400 OC than the 
corresponding runs at 350 "C. ATTM alone is a more effective catalyst precursor than MO(CO)~ 
done, in terms of higher NMBB conversion (93.0 vs. 79.6 %). Addition of water to A n M  in the 
mn at 400 "C, however, had negative impact on NMBB conversion. These results are consistent 

. 
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with those for catalytic hydroliquefaction of coal, where H20 addition had a strong promoting effect 
for mns at 350 "C, but inhibiting effect for runs at 400 "C (6). 

It appears from our results that water has two opposing effects on NMBB conversion at 350 
and 4M) "C. Possibility exists that the ratio of water to catalyst is also influential. Farcasiu et al. (9) 
reported that NMBB cleavage at 420-430 "C with various dried iron oxide precursors were different 
from rehumidified catalysts. Addition of small quantities of water increases, to some extent, the 
catalytic activity. Completely rehumidified iron oxides showed very low catalytic activity compared 
to partially hydrated iron oxide. The activity of the system as an acidic catalyst is destroyed by larger 
amounts of water (longer rehumidification time). 

Figure 2 further compares the product distribution for runs at 400 "C. For the runs with 
A R M  and ATTM+H20,4-MBB and naphthalene are the major products. In the case of Mo(CO)6, 
the yield of tetralin is higher than that of naphthalene. Apparently, the activity and selectivity of a 
dispersed Mo catalyst for NMBB hydrocracking depends on the catalyst precursor type and reaction 
conditions. Since it is the precursor that was charged into the reactor, an activation into catalyst is 
involved during the heat up and the subsequent reaction. 

It is known (3.5.10) that the S-free catalyst precursors like metal carbonyls require the 
addition of sulfur for sufficient activity in coal liquefaction; activation of A'ITM into the catalytically 
active species (close in composition to MoS2) occurs at a temperature of 2325-350 "C. This 
temperature range was used in our model reactions. Sulfur addition to Mo(CO)6 generates MoS2 
after high temperature activation. The resulting product distribution at 350 OC is very similar to runs 
with A'ITM (Table 1). We assume that the active catalytic species is similar to that from ATTM. 
Unlike ATTM, the organometallic complex Mo(CO)6 decomposes at much lower temperatures. The 
active catalyst particles will be readily available under the conditions employed. This may rationalize 
why the NMBB conversion is higher with Mo(CO)6 than with ATTM at 350 "C. However, for runs 
at 400 "C, the NMBB conversions with A'ITM and Mo(CO)6 are similar to each other (8). 

With respect to the effect of the catalyst loading level, we have reported some results on 
NMBB hydrocracking over dispersed catalysts at 2.11 wt % metal loading (8). Decreasing Mo 
loading level from 2.11 wt % to 1 wt % (this work) did not have negative impacts on NMBB 
conversion with ATTM, but caused some changes in product distribution from NMBB with 
Mo(C0)6. 

CONCLUSIONS 

Dispersed fine particles in situ generated from either water-soluble precursors such as A'ITM 
. or oil-soluble precursors such as Mo(CO)6, can he effective Mo catalysts for promoting the cleavage 

of certain C-C bonds such as bond p in NMBB at 350-400 "C. When the sulfur-free precursor is 
used, adding sulfur helps to improve catalytic activity, particularly hydrocracking activity. When 
ATTM is used at low temperature (350 "C), adding water seems to be beneficial in improving 
NMBB conversion. 
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Table 1: Effect of S and H2O on hydrocracking of NMBB at 350 "C. 

aMethyltetrahydronaphthalene. *when S was added, the atomic ratio S:Mo was 4: 1. 

Table 2: Effect of Mo-based catalyst precursors on hydrocracking reactions of NMBB at 400 "C. 

aMethylteWahydronaphthalene, *when S was added, the atomic ratio S:Mo was 4 1. 
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Runs at 350 "C with added H20 

Figure 1. Effect of S and water on hydrocracking of NMBB 

Runs at 400 ' C  

m y .  100 .E ATTY.HIO. 400 .c Y ~ I E O ~ .  400 .c 

Figure 2: Effect of Mo-based catalysts on hydrocracking of NMBB. 
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CATALYTIC CONVERSION OF POLYCYCLIC AROMA'ITC HYDROCARBONS: 
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Eric F McMillan and James A Franz 
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MECHANISTIC INVESTIGATIONS OF HYJlROGEN TRANSFER FROM Ah' IRON- 

Key Words. Catalysis, mechanism, hydrogen transfer 

Mnduction. 

model compounds has been demonstrated to increase the efficiency of liquefaction during 
the early stages of catalytic coal hydrokatment.' Despite numerous model compound 
studies, the mechanism of "liquefaction" remains controvemid. Wei and c o w ~ r k m ~ ~ ~  
pmposed a hydrogen atom - ipso displacement pathway, however, this pathway alone cannot 
explain the observed selectivity! Farcasiu and co-w0rkers7 p p s e d  a mechanism in which 
the alkyl-arene moiety is activated to undergo bond scission by electron transfer to the 
catalyst. However, a key step in this pathway, unimolecular scission of the radical cation, 
has been argued to be kinetically and thmcdymmcally unfavorable? 

We recently reprted a beneficial charactaistic of the FdS cataly* generated in 
situ by the reaction of sulfur with iron oxyhydroxides produced by the RTDS process: 
scission of strong carbon-carbon bo& withotd addition of hydi.ogen g a  and with minimum 
fonnarion of light gaws?9 We investigated a series of mom, di-, and 
trimethyldiphenylmethanes and found tha! in all cases the benzyl group is prefmtially 
displaced. We proposed a variant of the Farcasiu mechanism' in which a hydrogen atom is 
transferred to the ipso position of the radical cation, which then scissions a benzyl cation. 
Back electron transfer h m  the reduced catalyst surface to the benzyl cation would give the 
benzyl radical! We refer to this radical ion mechanism as "ET/H"'. The mechanism is 
consistent with (1) the pmpsed redox properties of the cataly*' (2) the o b m e d  
"dealkylation" selectivity, benzyl >> methyl, and (3) the low yield of tmndkylation 
products. 

Recent examination of the structure - reactivity relationships for the methylated 
diphenylmethanes shows the rate of catalytioinduced bond scission correlates not only with 
the ease of m e  oxidation but also comlates with the stability of the ipso radical adduct.'!' 
To accOmmOdate the observed selectivity for benzyl scission >> methyl scission by a radical 
pathway, we propsed a reversible hydrogen atom transfer between the catalyst surface and 
the arenes, in which case, the rate of back hydrogen transfer h m  the ipso and nonipso 
adducts must be fast co@ to scission of methyl radical. 

between the E T m  radical ion pathway and the reversible hydrogen atom transfer pathway. 

Experimental. 

catalyst p m o r . "  9,lO- dihydrophenanthme (DHP), xanthene, and o- 
hyhydiphenylrnethane were purchased h m  Aldrich. The DHP was distilled and 
recrystallized h m  methanolldichlomethane. 1,2ditolylethanol was available h m  a 
previous study.12 o- and p benzyldiphenyl ether were prepared by the same methd used 
for our synthesis of the alkyldiphenylrnethanesmethanes.') The isomers were separated on a 
chromotron@ eluting with pentane. 

the sulfur (3 mg), and the DHP solvent (100 mg) were loaded into the glass tubes and 
sealed under vacuum. The thermolysis was canid out in sealed 5-nun 0.d. borosilicate 
glass tubes immersed in a fluid& sand bath regulated at 400°C for 1 h. The Gc and 
Gc/us analysis were carried out as described previously." 

Results and Discussion. 
Given the parallel shucture - reactivity trends for ion, radical, and radical-ion 

intermediates in the alkylarene series previously examined, we prepared a new series of 
model compunds to discriminate between the ion, radical, and radical ion hydrogen transfer 
pathwayj. A comparison of diphenyl ether analogs with our diphenylmethane model 
compounds was suggested as an approach to obtain insight into the proposed multi-step 
ETJHA mfer step or a free radical @way.14 The cation formed by ipso addition of H- 
atom to the radical cation of diphenyl ether (DPE) was suggested to be more resistant to 
bond scission than the analogous cation obtained h m  diphenylmethane @PM) beoluse of 
the differences in the stability of the leaving pup, PhO(+) << PhCH2(+), while the 

The utility of iron-based nanophase catalysts in the liquefaction of coal and coal 

In the present study, we designed and prepared model compounds to differentiate 

Matedals. All catalytic experiments used the RTDS-prepared, &line fenihydrite 

~ S t d k s .  The model wmropound (1 5 mg), the &line fmihydrite (3 rng), 
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opposite selectivity was predicted for a radical @way, PhO-, > PhCH2-. U n f ~ w l y ,  
while the pscission of a phenoxy cation h m  DPE is expected to be significantly slower 
than the pscission of a benzyl cation hin DPM the first step, oxidation of the DPE, is 
faster than oxidation of DPMI5 Thus, an "external" comparison of DPM and DPE 
derivatives could complicate direct kinetic comparisons. To alleviate this conam, we used 
model compounds that had both the PhG and PhCH2- substituents in a single molecule - 
xanthone @A), pbenzyldiphenyl ether (PBDPE), and 0-benzyldiphenyl ether (oBDPE). 
This approach avoids complications caused by diffktcnm in oxidation potential of 
diphenylmethane and diphenyl ether and takes advantage of the selectivity differences 
between scission of PhO* and PhCHz*.16 Thus, the appearance of PhCH,Ph would be 
consistent with a &n-oxygen (PhCH2Ph-OPh) ike radical bond scission pathway, and 
the appearance of PhOPh would be consistent with an appanmt carbon-carbon (PhCHz- 
PhOPh) cationic bond scission pathway. 

starting material in 60 minutes with the formation of DPM, DPE, toluene and phenol. The 
ratio of D P m P E  (Le. &n-oxygd&n-wrbon bond scission) is 8:l. 

This mult offers significant insight into the mechanism of catalytioinduced bond 
scission. The selectivity of the 8: 1 ratio for scission of benzyl over phenoxy radical h m  
pBDPE is significantly less than expected for pscission of PhCH2(+) over PhO(+)." 
Therefore, we have considerably less confidence with the involvement of a cationic 
intermdate formed either by acidic proton transfer or multi-step ET/HA pathways for 
promoting bond scission. What is interesting about these results is that the selectivity is the 
oppsite of the relative stabilities of the benzyl and phenoxy radicals. TherefOK bond 
cleavage must not be the rate-limiting step for reaction of this molecule. Ihe  selectivity is 
consistent with ratelimiting formation of the ipso adducts. The stability of the ipso adduct, 
(a), leading to formation of DPE and the benzyl radical is 3 Q  kcallmolls more stable than 
the ipso adduct, (b), leading to formation of DPM and the phenoxy radical (Scheme 1). 

Thermolysis of oBDPE under the same d o n  conditions again yields DPM, DPE, 
toluene and phenol, however, the ratio of DPIWDPE is 1:l. The apparent lower selectivity 
observed h m  the catalytic thermolysis of oBDPE could be due to a competing neophyl-lie 
phenyl migration, 1,5 addition, in Scheme 2. These Arl-5 radical reanrtngements are horn  
to occur,19 especially whcn heteroatom termini are involved.m21 Tautormerization of the 
phenol, followed by unimolecular scission,n can yield diphenylmethane by an alternative 
pathway. 
phenylxanthene - formed fiom addition of the diphenylmethyl radical to the ortbposition, 
1,6 addition, followed by disproportionation-is detected in the thermolysis of oBDPE. This 
provides further evidence for the presence of the precursor to the neophyl rearrangement 
pathway under the reaction conditions." 

'Ihermolysis of xanthene under the same catalytic reaction conditions yields little 
bond scission &er 60 minutes, no detectable 2-methyldiphenyl ether, and only traces of 2- 
bond scission products, toluene and phenol. Here, the absence of significant quantities of 
scission products in the xanthene thermolysis is probably due to competing reversible 
reactions that regenerate the starting material. Because the leaving group is "attached," little 
bond scission is observed. 

ynimolecular S s i s i ~ ~ Q f ~ ~ .  Early mechanistic studies demonstrated the 
preference for catalytic-induced scission of diqhethane l i g e s  over the thermally labile 
bibenzylic linkages in 4(l-naphthylrnethyl)bibenzyl (NMBB). Farcasiu and coworkers 
invoked single electron oxidation of the m e  followed by a unimolecular scission to yield 
naphthalene and Cmethylbibenzyl (referred to as -A- bond cleavage).' However, the 
observed selectivity is the opposite of that expected based on reactions in solution or 
reactions in the gas phase based upon Sagmentation reactions of the NMBB radical cation 
in a mass spectr0meer.S Almost as surprising as radical cation cleavage at the 
diarylmethane -A- bond is the suggestion that the positive charge is carried on the naphthyl 

not the benzyl group, given the difference between stabilization of benzylic cation 
and a benzylic radical. To favor -A- bond scission over -D bond scission, the catalyst 
must uniquely stabilize the naphthyl cation and/or destabilize the benzyl cation. This novel 
unirnolecular scission pathway is reported to be suppotted by atom superposition and 
electron delocalization molecular orbital (ASEDMO) methcds, however, AM1 and MNW 
theoretical methods indicate cleavage of the -D bond is favored25 

cation dissociation mechanism. Although the bond dissociation energy @DE) for bibenzyl 
radical cation, at about 30 kdrnol, is substantially weaker than the bibenzyl bond we 
expect that -D bond scission in the NMBB radical cation will be a minimum of 40 
kdmol ,  given that oxidation of I-methylnaphthalene is ca 10 kcaVmol more favorable 
than oxidation of pxylene, and comatively assuming no barrier for the ET process that 

Thermolysis of pBDPE in DHP- FdS at 400 "C leads to ca 70% consumption of the 

The expected side product h m  this radical reanangement pathway, 9- 

NMBB probably is not the best model compound to test the unimolecular radical 
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genaates the radical cation. A bania of this magnitude probably cannot compete with 
bn~lecular reactions of the radical cation or alternative fke radical pathways, scheme 3. A 
more judicious choice of model cornpmds, for example one with a much lower radical 
cation BDE, could provide support for the proposed electrun transfer pathway if the bond 
were h k e n  more rapidly than purely thermal pathways allow. 

~phenylethanol radical cation has a BDE of 15 k d m o l  and therefore is expeckd to 
dissociate ca. 8 orders of magnitude faster than the NMBB radical cation at 400°C, and will 
be more likely to compete with other pathways. Thennolysis of D E  in DHP for 60 
minutes at 400°C m l t s  in ca 5Wh conversion to yield 4,4'-pdimethylbibenql, pxylene, 
4-methylbenzylalcohol, 4-methylbenzaldehyde and a tlace of toluene. The mtio of toluene 
topxylene is 1:25. The 4,4'-pdiiethylbibenzyl is formed by a reduction pathway that 
competes with unimolecular scission. Since the 4,4'-pdmethylbibenzyI is thermally stable 
under the reacton conditions, the xylene is predominately formed h m  unimolecular thermal 
scission of the starting material. 

. Thermolysis of D E  in DHP containing the FdS catalyst for 60 &Utes at 400°C 
results in complete conversion to yield 4,4'-pdimethylbibenzyI, pxylene, and toluene. The 
pxylene is most likely formed fiom the thermal background and reduction of the alcohol 
and aldehyde since no oxygen-wntaining products are detected. The most significant 
finding is the ratio of toluene to p q l e n e  has i n d  to 1: 1. The presence of the FdS 
catalyst pathway apparently increases the yield of toluene! Toluene is not a product 
expected h m  single electron oxidation of the diphenylethan~l.'~ The formation of toluene 
under the catalytic conditions is more rationally explained by an ipso hydrogen displacement 
pathway. Hydrogen atom addition to the phenyl ring a- to the hydroxy group leads to the 
pscission of a stabilized ketyl radid. As we have previously dosaved efficiency of bond 
scission is strongly dependent on the stability leaving group." 

If the radical cation of DTE was formed under the reaction conditions, instantanenus 
unimolecular scission of the bibenzylic bond would have occurred to yield pxylene as the 
major product. While we are convinced DTE is an improved probe molecule for 
investigaiing the radical ion pathway, we would l i e  to investigate betta models, e.g. the 
methyl ether of D E ,  that are not expected to be reduced under the reaction conditions. We 
are confident that electron transfer f?om the akylarenc to the catalytic surface does not 
occur, otherwise we would have observed much higher yields of xylene. Admittedly, 
oxidation of this xylene derivative will be more endergonic than oxidation of the naphthyl 
moiety in NMBB, however, the selective catalytic pathways seem to operate even for Single 
ring model compounds.69 We cannot guess what the ASEDMO methods would lind for 
single electron txansfer cleavage pathways of D E ,  but  experiment^'^ and AM1 
calculations26 suggest highly efficient bibmzylic bond scission. 

Summary and Conclusions. 
l h e  results of our model compund studies suggest that fiee radical hydrogen 

transfer pathways h m  the catalyst to the akylarene are responsible for the scission of 
strong carbonsarbon bonds. mere are two requisites for the abed selective bond 
scission. First, and most importantly is the stability of the ipso adduct precursor leading to 
displacement, the more stable the adduct the more probable bond scission. 'Ihis explains 
why benzyl radical displacement > phenoxy radical displacement in benzyldiphenyl ether 
and explains why PhCH2CH2PhCH2 radical > naphthylmethyl radical h m  NMBB. Second, 
given "equal" ipso adduct precursor stabilities, e.g. methyldiphenylmethane, the stability of 
the departing radical determines the selectivity. This explains benzyl radical > methyl 
radical in the methylated diphenylmethanes and explains why a-hydroxyphenethyl radical > 
methyl radical in 1,2ditolylethanol. 

We have assumed little physical interaction between the molecules and the catalytic 
surface and have been able to satisfactorily explain most of the observed selectivity. 
However, for IWBB we expect a higher selectivity for -A- bond scission relative to -5 
bond scission, given the ca 6 k d m o l  Merence between the radical adduct formd by the 
hydrogen atom addition to 1-methylnaphthalene and pxylenc. It is possible that physical 
properties play a role in lowering the selectivity in NMBB bond scission. Also, we realize 
that catalysts p r e p a r e d  by other methods may contain different activity sites and operate by 
different mechanisms. 

We used 1,2-pditolylethanol (DE) as a probe for the electron transfer mechanism 

I 
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Glossary of Acronyms. 
BDE bond dissociation enera 
RTDS 
DHP 9,l O-diiydmphenanhe 
pBDPE pbenzyldiphenyl ether 
oBDPE ebenzyldiphenyl ether 
DPM diphenylmethane 
DPE diphenyl ether 
DTE 1,2ditolylethanol 
NMBB 4-( 1 -naphthylmethy 1)bi~enzyl 
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INTRODUCTION 
Coal tar obtained from coal carbonization is a treasure of polyaromatic hydrocarbans, where more 
than 400 kinds of aromatic compounds are found to be contained. Naphthalene’s content in coal tar 
is about 9.0 %, being used as starting materials for phthalic anhydride, dye staff, pharmaceutical 
products and synthetic resins. On the other hands, phenanthrene and pyrene are contained in the 
yield of 5.0 % and 2.1 %, respectively, being used only for production of carbon black and antiseptics 
of timbers. Application of these three or four ring aromatic compounds for stating materials of fine 
chemicals is not yet developed so extensively. The development of new catalysts being able to 
convert these aromatics into mono or diaromatic compounds is one of objectives for utilization of 
polyaromatics. Hydrocracking of polyaromatic compounds is believed to proceedvia formation of 
terminal-naphthenic ring of starting aromatic compounds, followed by cleavage of the naphthenic 
ring to produce alkylated aromatic compounds which has less numbers of ring than starting aromatics. 
Accordingly, hydrogenation of aromatic rings and cracking of resulting naphthenic rings are key 
steps of hydrocracking reaction, so that dual functional catalysts such as metal-supported acid catalysts 
are considered to be one of the best catalysts!-2 Zeolite has controlled pore structures and strong 
acidity enough to crack naphthenic rings, being characteristics in  exchanging metal species with 
ease. We have been studying the hydrocracking of polyaromatic compounds over Ni-loaded zeolite 
catalysts (ZSM-5, mordenite, and Y-type) and found the fact that pore size of zeolite exerts an 
interesting effect on product distribution? We also conducted computer-simulation for diffusion 
phenomena of the polyaromatic hydrocarbons in the pore of these zeolites and found that diffusion 
ability of the substrate affects strongly the product distribution! Recently we found that modifying 
of Ni-loaded Y-type zeolite by Pd-loading enhanced hydrocracking ability of the catalyst. In this 
report, we would like to refer to the results of both hydrocracking reaction of pyrene and 
hydrodesulfurization of dibenzothiophene using Pd-modified Ni-loaded Y-type zeolite. 

Experimental Section 
heoaration of metal-SUDDOrted zeolites 
The NH,-substituted Y-type zeolite (50 g) was stirred in 1000 ml of aqueous solution of Ni(NOJ, 
(0.25 M) at 90°C for 96 h, then being filtered and dried at 1 10°C to obtain the nickel cation substituted 
zeolites. As to the Pd supported one, NH,-substituted Y-type zeolite (15 g) was treated in aqueous 
solution (200 ml) of [Pd(NHJ,](NO,), (0.025 M) at 40 “C for 24 h. As to Ni-Pd-Y catalysts, NH,- 
substituted Y-type zeolite was treated with aqueous [Pd(NHJ,](NO,), solution, followed by aqueous 
Ni(NO,), solution. The resulting cation exchanged zeolites were calcined in a stream of air at 500°C 
for4 h, being submitted to the reduction with \atmosphere at 450 “C for 1 h. The content of nickel 
and palladium in each zeolite was determined by using a Rigaku Denki System 3270 type fluorescence 
X-ray analyzer, this being summarized in  Table 1. 

Hydrotreatment of pvrene or dibenzothiophene 
The substrate ( I  g) and the catalyst (0.5 g) were placed in a 70 ml SUS 316 autoclave, which were 
pressurized to 70 kg/cm2 with hydrogen, being followed by heating up to 350°C with the rate of 8 “C 
/ min. Reaction time is the duration being kept at 350°C. After the gaseous product was collected, its 
aliquot was submitted to GC analysis with a Shimadzu GC-3BT (active carbon column. 2 m) and a 
Shimadzu GC-8AIT (silica gel column, 60/80 mesh, 3 m). The liquid product was recovered by 
washing the inside of the autoclave with CYCI,. According to the analysis by a JEOL JMS-DX- 
303HF type GC-MS, components of liquid products were assigned, their quantitative analyses being 
conducted by a Shimadzu GC-14APFSC (CBP-I capirary column, f 0.5 mm x 25 m). The carbon 
deposited on the catalyst was calculated based on the microanalysis of the recovered catalyst. 

Results and Discussion 
Hvdrocrdcking reaction of ovrene 
In a previous study, we conducted hydrocracking reaction of phenanthrene and pyrene over three 
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different Ni-supported zeolite catalysts such as Ni-loaded ZSM-5, mordenite, and Y-type zeolite at 
350°C for 1 h at 70 k&m2 of hydrogen and found that pore size of zeolites is controlling product 
distribution. Conversion of the substrates depended also on the size of these zeolites. By the use of 
Ni-loaded Y-type zeolite (Ni-Y) catalyst, phenanthrene was completely converted to gases and one- 
or two-ring compounds, while in the case of pyrene both hydrogenated pyrene and unreacted one 
St i l l  remained in the product. This results could be interpreted by the fact that the pore size of Y-type 
zeolite is larger than the molecular size of phenanthrene, however, it is somewhat smaller than that 
Of pyrene. In order to improve the activity of Ni-Y catalyst, we examined modifying of Ni-Y catalyst 
by loading second metal species. 
We prepared Pd-modified Ni-Y (Ni-Pd-Y) catalyst by ion exchange of Nq-substituted Y-type zeolite 
with aqueous [Pd(NH,),I2' solution followed by NiZ+ solution. Concentration of metal species on the 
resulting zeolite is summarized in Table I .  To examine catalytic activity of Pd metal itself, we also 
prepared Pd-loaded Y-type (Pd-Y) zeolite. Using these three catalysts, hydrocracking of pyrene was 
conducted in a 70 mL autoclave at 350°C for 1 h at 70 kg/cm2 of hydrogen, the results being shown 
in Figure 1. In the presence of Pd-Y or Ni-Pd-Y catalyst, pyrene was completely converted to gases 
(from methane to butane) and derivatives of benzene or cyclohexane, especially in the case using 
Ni-Pd-Y catalyst, yield of gases reached to 70%. Amounts of carbon deposited on the catalyst were 
9.1% for Ni-Y, 9.6% for Pd-Y, and 7.0% for Ni-Pd-Y catalyst. Figure 2 summarizes the distribution 
of mono-ring compounds produced from hydrocracking of pyrene over three catalysts. In the case 
using Ni-Y catalyst, the selective formation of each compound was not observed, while, the yield of 
cyclohexanes was higher than that of bezenes in the case using Pd-Y and Ni-Pd-Y catalysts. No q- 
and C,-benzenes and C,-cyclohexanes was observed in products obtained from the reaction using 
Ni-Pd-Y catalyst. These results indicated that activity of Ni-Pd-Y catalyst toward hydrogenation 
and cracking reaction is the highest among three catalysts. This finding agrees well with the fact that 
the ratio ofi-butane to n-butane (2.1) of gaseous products in the reaction using Ni-Pd-Y catalyst was 
slightly higher than that (1.8) from the reaction using Ni-Y catalyst. This higher activity of Ni-Pd-Y 
catalyst might be partly due to the decrease of carbon deposited on the catalyst, this often leading to 
deactivation of the catalyst. 
Effects of reaction temperature and duration on the extent of hydrocracking were also investigated, 
the results being shown in Figure 3. In the reaction at 350°C for 0 min, 25% of pyrene was still 
remained and main products were hydrogenated pyrenes (60%). With the reaction time being longer 
than 30 min, no pyrene was recovered and gases and mono-ring compounds became main products. 
In the reaction at lower temperature such as 325"c, conversion of pyrene was still higher than that in 
the reaction using Ni-Y catalyst at 350°C. These results suggested that modifying of Ni-Y catalyst 
by Pd can reduce the reaction temperature of hydrocracking of pyrene compared with Ni-Y catalyst. 

-e 
In a previous chapter, we found that modifying of Ni-Y catalyst by Pd-loading resulted in very high 
activity for hydrogenation or hydrocracking of polyaromatic hydrocarbons. So, we tried to apply 
this modified catalyst for hydrodesulfurization (HDS) of dibenzothiophene (DBT). HDS reaction of 
DBT was conducted at 300°C for 1 h under 70 kglcm2 of H,. Figure 4 shows the product distribution 
of HDS reaction by using Ni-Y and Ni-Pd-Y catalysts. In the case using Ni-Y catalyst, 15% of DBT 
was recovered along with 12% yield of sulfur-containing compounds, while, using Ni-Pd-Y catalyst, 
DBT was almost converted to gases and monoring compounds and no sulfur-containing compound 
was observed in the liquid products. These results suggest that high activity of Ni-Pd-Y catalyst is 
much more effective for HDS reaction. Now, we are conducting characterization of this active catalyst. 

This work was supported by Grant-in-Aid for Scientific Research No. 07242249 from the Ministry 
of Education, Science and Culture, Japan. 
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Table 1. The catalyst employed in this study 

Contents (wt%) 

Ni Pd 

Ni-Y 5.5 - 
Ni-Pd-Y 3.3 3.6 
Pd-Y - 3.7 

naphthalenes 
and tetralins hydrogenated 

Ni-Y 

Pd-Y 

Ni-Pd-Y 

0 2 0  4 0  6 0  8 0  100 
Yield (wt%) 

Figure 1. Hydrocracking of pyrene over metal-suppotted Y-type zeolites at 
350 OC for 1 h 

Ni- 

Pd-Y 

Ni-Pd-Y 

Figure 2. Distribution of mono-ring compounds in 
hydrocracking of pyrene over three metal-supported 
Y-type zeolite catalysts at 350 OC for 1 h under 70 
kglcm' of H, 

980 



naphthalenes 
and tetralins 

hydrogenated 
pyrenes unreacted 

gases phenarenes coke pyrene \ 
J 

325 O C ,  15 

350 OC, o 
325 O C ,  60 

350 O C ,  15 

350 O C ,  30 
350 OC, 60 

0 20 4 0  6 0  80 100 
Yield (wt%) 

Figure 3. Hydrocracking of pyrene over Ni-Pd-Ycatalyst 
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Figure 4. Hydrodesulfurization of DBT over metal-supported Y-type 
zeolite at 350 O C  for 1 h 
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INTRODUCTION 

It  has been clarified in previous papers (I)  that the sufficient desulfurization of the 
refractory sulfur species in the diesel fuel such m 4-methyldibenzothiophene and 4,6- 
dimethyldibenzothiophene (4,6-DMDBT) should be achieved in its sulfur level of 0.05 
70 which is currently regulated (2). Such refractory species have been proved lo be de- 
sulfurized through the hydrogenation of one or both phenyl rings in the substrate to 
moderate the steric hindrance of inethyl groups located in the neighbours of the sulfur  
atom (3). Hydrogenation of neighboring phenyl rings should competitive with the 
aromatic partners in the hydrogenation step. being severely hindered (4). The diesel 
fuel tends to be more aromatic due to crude of more aromaticity and more blending of 
the craked oil. 

In the present study. the catalytic activities of CoMo and NiMo of different contents 
of Co or N i  and Ru-CoMo I A1203 were examined for the desulfurization of 4,6-DM- 
DBT in decane and decane with naphthalene lo find selective catalysts which desulfurize 
4.6-DMDBT in the presence of naphthalene through preferential hydrogenation through 
its phenyl ring. The key step is assumed lo be the hydrogenation step of4.6-DMDBT 
in  the competition with naphthalene. R u  was the selected as the third component of 
metal promoter which was added to CoMo / Al2O3, since sulfur atom in 4.6-DMDBT 
can be a prefereable anchor to the nobel metal sulfide in competition with the aromatic 
hydrocarbon (5-6). Characterization of Ru-CoMo / A1203 using XPS, XRD and HR- 
EM to find the origin of the selectivity for the desulfurization in the aromatic hydro- 
carbons. 

EXPERIMENTALS 

Chemicals and Catalysts : 4.6-DMDBT was synthesized according to the 
reference (7). Commercially available (NH&Mo04. Co(N03)26H2O, Ni(N03)26H20 
and RuC1.~3H20 were used as catalyst precusor salts. Commercially available A1203 
was selected 3s the catalyst support. 

The precusor salt was impregnated onto AI203 according to an incipinent wetness 
impregnation procedure. Impregnation additives such as HCI, H3PO4. malic acid and 
citric acid are used in the impregnation solution. Contents of metal oxides supported 
were 3s follows; Co(0 - 3 wt%)-Mo(lS wt%) / A1203. Ni(0 - 5 wt%)-Mo(lS wt%) I 
A1203. Ru(0.75 wt %)-Co(O.ZSwt%)-Mo(lS wt%) / A1203, respectively. 

After the impregnation, the catalyst was dried at 160"C, calcined at 420'C under air 
now. and presulfurized at 360°C for 2h by flowing H2S (5vol %) in H2 under 
atomospheric pressure just before its use. 

Reaction ; HDS of 4.6-DMDBT in  decane with naphthalene was performed in a SO 
1111 batch-autoclave at 300°C under 2.SMPa H2 pressure for 0.5 - 23h, using 1.5g 
catalyst and log substrate including solvent. The concentrations of 4,6-DMDBT and 
iiaphthalene were 0.1 and10 wt %, respectively. After the reaction, products were 
qualitatively and quantitatively analyzed by GC-MS, GC-FID (Yanaco G-3800 and G-  
100) and GC-FPD(Yanaco G-3800 and S0inl OV-101). 

XPS : X-ray photoelectoron spectra (XPS) was taken on a ESCA 1000 (Shirnazu co.) 
with Mg Ka radiation energy of 1253.6 eV. The binding energy was identified 
according to the references (8- I I ). 
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XRD ; X-ray diffraction (XRD) was taken on a X-ray diffraction meter (Rigaku co.) 
with Cu bge t  electrode at 40 KV voltage. X-ray diffraction was performed according to 
the. procedure described by International Center for Diffration Data (12). 

HREM ; High resolution electron micrographs (HREM) of catalysts were taken on 
JEM -2000 EX (Jeol co.) at 200 KV accelation voltage at magnification of 1 SO to 500K. 

RESULTS 

Inhibition with Naphthalene of €IDS Reaction over NiMo and  CoMo 
catalysts 

Fig.l(A) illustrates HDS activity of NiMo catalysts for 4,6-DMDBT in decane and 
decane with IO wt% naphthalene at 300°C under 2.5MPa H2 for 2h. The catalysts gave 
95 - 10% conversion of 4.6-DMDBT in decane regardless of Ni content which increa- 
sed very much the desulfurization compared to that over Mo / A1203 in decane. 
Naphthalene of IO.wt% reduced the conversion to 45% on Mo / A1203 and Ni( I)-Mo I 
A1203. and 77% on Ni(S)-Mo / A1203. Significant retardation by naphthalene was 
observed over Ni-Mo / A1203 especially when Ni content was low. 

Fig2 shows the HDS products from 4.6-DMDBT over Mo and NiMo / AI203 
NiMo / AI2O3 produced B4,6 as the major product and A4.6 as the second major while 
Mo / A1203 did A4.6 as the major and 84.6 as the second major in decane. Overall 
desulfurization was certainly enhanced by addition of Ni  through the hydrogenation. 
Naphthalene of IO wt% reduced very much the desulfurization over Mo / AI203 and 
Ni( I)-Mo /AI2O3. Mo / A1203 and Ni-Mo / A1203 with less content of Ni suffered 
large reduction of both products by I O  wt% naphthalene. Large amount of Ni  increased 
the 84.6 overcoming the inhibition of naphthalene while A4.6 suffered very much the 
retardation regardless of Ni content. 

Fig.l(B) shows conversion of naphthalene to tetralin and decalin. Ni of I wt% or 
more addition accelerate very much the hydrogenation of naphthalene, giving 100% 
tetralin and 25% decalin. while Mo / A1203 provided SO% conversion to tetralin without 
decalin. 

Table I summaries the yield of minor products, hydrogenated one (H) and desulfu- 
rized one without hydrogenation (C4.6). Addition of Ni increased the yield of C4.6 and 
reduced that of H. 

Fig.3(A) illustrates the HDS of 4.6-DMDBT over CoMo / AI203 in decane and 
decane with IO wt% naphthalene. The CoMo catalysts allowed 100% conversion of 
4.6-DMDBT regardless of Co content under the present conditions in decane. Naphtha- 
lene of IO wt% reduced the conversion to 7.5% in Co(0.25)Mo / A1203. 87% over 
Co( I )Mo /A1203. and 68% over Co(3)Mo / AlzO3. It  should be noted that Co( I)Mo / 
A1203 surfered the smallest retardation by naphthalene. 

Fig.4 shows yields of products from 4,6-DMDBT over CoMo / AI203 of different 
Co contents. B4.6 was the major product, of which yield increased markedly by 
addition of Co to Mo, reaches the maximum of SO% by Co of I wt% in decane and 60% 
i n  decane with IO wt% naphthalene. Addition of Co increased very sharply the yeild of 
B4.6 the major product. I wt% of Co giving the maximum yield. A4.6 the second major 
product, was produced most over Mo / Al203. Addition of Co reduced it sharply in 
decane. Yield of A4.6 decreased markedly in decane with 10% naphthalene over Mo I 
A1203, while addition of 0.25 and I wt% of Co slightly increased it .  

90 naphthalene over Ru(0.75 wt%) 
wt%)-Mo / A l 2 0 3 ,  respectively, by 2h. High HDS conversions of 9S - 100 % were 
obtained over all three catalysts i n  decane. Naphthalene of I O  wt% in decane reduced 
the HDS conversion over the catalysts, however the extent reduction depended in the 
amounts of Co or Ni. Co content of 0.7.5 wt% exhibited 22% reduction while Co and 
Ni of 3 and 5 wt% severe suffered 30 and 39 % reduction, respectively. 

Hydrogenation conversion of coexistent naphthalene is shown in Fig.5 (B).  Ru- 
NiMo / A1203 provide the highest conversions of naphthalene to tetralin and decalin of 
100% and 20%. respectively, while the conversions were 90% and IO%, respectively, 
over Ru-Co(0.25 wt%)Mo / A1203. Hence, Ru-CoMo / A1203 with 0.2.5 wt% Co 
exhibited the highest HDS activity of 4,6-DMDBT by minimum hydrogenation of co- 
existence naphthalene. 
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Hydrodesulfurization a n d  Hydrogenation Selectivities 
Fig.6 compares the conversions of 4.6-UMUBT hydrodesulfurization and naphtha- 

lene hydrogenation over NiMo, CoMo and additive with Ru(0.75 wt%)-C0(0.25 ~ 1 % ) -  
Mo( IS wt%) / AI203 at 300'C for 0.5h and 2h where 0.1 wt% 4.6-DMDBT and I O  
wt% naphthalene were present in decane. There were found two kinds of the catalysts : 
one exhibited a larger conversion of naphthalene with much less conversion of 4,6-DM- 
DBT, and the others were large conversions of 4.6-DMDBT. The first group of 
cayalyst contained NiMo, the second one contained Ru-CoMo and Ru-CoMo with 
additive H3P04 and HCI. 

In order to compare the reaction selectivity between the HDS for sulfur compound 
and hydrogenation (HGN) for aromatic hydrocarbon, relative selectivity was introduced 
according to the equation ( I ) .  Selectivity ratio is shown as follows ; 

Selectivity ratio of 4.6-UMDBT = 
(Reaction mole ratio of 4.6-DMDBT over NiMo / A1203 or Ru-CoMo / A1203 ) / 

( 1 )  

Fig.7 shows the selectivity ratio of 4.6-DMDBT calculated from data of Fig.6 versus 
conversion of naphthalene. It clarified hydrogenation activity for naphthalene decreased 
with increasing the selectivity ratio of 4,6-DMDBT over these catalysts. Particular Ru- 
CoMo-HCI / A1203 showed the highest hydrodesulfurization selectivity for 4,6-DM- 
DBT, giving ratio of I .41, while giving ratio of I .28, I .  I 2  and I ,O over Ru-CoMo / 
A1203. Ru-CoMo-P / A1203 and CoMo / AlzO3, respectively. NiMo / A1203 was in- 
ferior to CoMo / A1203 for hydrodesulfurization selectivity of 4,6-DMDBT, giving ratio 
of 0.38. Especially, Ru-CoMo-HCI / A1203 showed as 1.7 times higer selectivity for 
hydrodesulfurization of 4.6-DMDBT as that of NiMo / A1203, while 0.4 times lower 
hydrogenation activity of  naphthalene. 

XPS Analysis 
Fig.8 shows XPS of Mo 3d i n  the Ru(x)-Co(y)-Mo( ISwt%) I A1203 (0 S x. y 5 I 

wt %) catalysts before and after presulliding. Before sulfiding, two Mo 3d 3/2 and 3d 
5 ~ 2  peaks were found at 235 and 232 eV of binding energies (8-1 I ) ,  indicating Moo3 
species in all catalysts regardless of them compositions. Sulfiding sharply the peaks to 
22.5 and 222 eV, respectively in Mo / A1203 and CoMo / A1203. indicating the Mo(ll) 
species (8- I I ). Ru-CoMo / A1203 and Ru-Mo / AI203 exhibited two peaks at 222 and 
218 eV with a very small peak at 22.5 eV. indicating major presence of Mo 3d 5/? of 
Mo(0) at 218 eV after the sulfiding. These resuts indecated two kinds of Mo species, 
such as MoS2 and metal Mo existed on sulfided Ru-CoMo / A1203 catalyst. 

XRD Analysis 
Fig.Y shows XRD spectra of a series of Ru(x)-Co(y)-Ma( IS wt%) / AI203 (0 _< x .  y 

5 I wt %) before presulfiding. There were two large peaks ascribed to alumina of 45.7' 
and 663".  respectively , with all catalysts. Three sharppeaks were identified with 
MOO, of 23.4'. 2.5.6" and 27.3". respectively, over the Mo based on catalysts. The 
intensity of these three peaks increased with increasing content of Ru on CoMo / AI203 
indicating the large crystals of Moo3 in the presence of Ru. The peaks of 33.7' and 
S3.9' were identified to Ru02, while no peak was ascribed to Co oxide. No definite 
peaks related to Mo, Ru and Co species were found after the sulfiding. 

HREM 
Fig.10 shows HREM micrographs of sulfided Ru(0.75 wt%)-Co (0.25 wt%)-Mo 

(IS wt%) / Al2O3. Fig. IO (a) and (b) shows MoS2 layers and RuS2 crystals as dotted 
spots, respectively, under 20K magnification which were typically observed on Ru- 
CoMo / A1203. Large magnification of (a) under 50K clarified large length and 
thickness of MoS2 layers. 

DISCUSSION 

(Reaction mole ratio of 4.6-DMIIBT over CoMo / A1203) 

Fig.1 I illustrates the reaction pathway of 4.6-UMUBT i n  decane ovre Mo sullidc 
based on cataysts. There were two desulfurization routes, one is the desulfurization 
through the hydrogenation of one phenyl group; i.e.. hydrodesulfurization route. and 
the other is desulfurization without apparent hydrogenation; i.e., direct-desulfurization 
route. The former reaction route is strongly hinderd by the dolninamt presence of 
naphthalene. 

\ 

\ 
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In earlier works, it has been proposed desulfurization active site of sulfided CoMo 
and NlMo catalysts were anion-vacancy at edge plane of MoS2 ( 13). Voorhoeve and 
Stuiver Proposed "Intercalation model" which Ni and Co located edge plane of MoS2 
(14), Delmon proposed "Contact synergy model" which high activity brought contact 
between liny Co& and MoSz crystal (15). and Tops0e insisted the mechanizum of 
high activity by "Co-Mo-S phase model" which located on edge plane of MoS2 (16). 
Additive co-catalysts. such as Ni or Co brought the high activity of MoS2. 

The role of Ru addition to Mo sulfide based on caytalysts are classified two 
categories, reduction of hydrogenation activity for aromatic hydrocarbon and promotion 
of hydrogenation selectivity for sulfur compound. In addition XPS spectra indicated 
additive Ru in CoMo catalyst was easily reduced MoS2 to metal Mo. Hence hydroge- 
nation activity of aromatic hydrocarbon was controled by additive Ru, and it suggests 
compeatitive reaction of 4.6-DMDBT with naphthalene on hydrogenation active site was 
relieved. Crystals of RuSz and (Co)-MoS2 were found existing separately by HREM, it  
m y  be suggest 4,6-DMDBT takes precedence over the hydrogenation of naphthalene 
on the RuS2* and hydrogenated 4.6-DMDBT was completely desulfurized over (Co)- 
MoS2. 

In order to design of the higher selective hydrodesulfurization catalyst, it will be 
necessary to high dispersion of Ru on the surface of support, and optimization of the 
amount of CoMo and R u  on catalyst. Other side of the aspect. it will be worthwhile to 
try the hybrization of Ru/ A1203 and CoMo / A1203. 
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(a) (b) under 20K magnification (c) I d  I, 4nK I I  

Fig.10 HREM micrographs of sulfide 
Ru(0.75)-Co(0.25)-Mo(I 5 )  / AIaO, 

1 __ 

Fig. I I Reaction pathway of 4,6-Dimethyldibenzothiophene 
over Mo sulfide based on catalyst. ( 300C-2.5MPa) 
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INTRODUCTION 

It has been revealed that significant desulfurization of refractory 4-methyldibenzo- 
thiophene and 4.6-dimethyldibenzothiophene (4.6-DMDBT) is very essential to achive 
the low sulfur level of gas oil requested by the current regulation ( I ) .  Their direct 
desulfurization through the interaction of their sulfur atom with the catalyst surface is 
sterically hindered by its neighbouring methyl groups. The substrate is found kine- 
tically to be hydrogenated at one of its phenyl rings prior to the desulfurization in order 
to reduce the steric hindrance through non-planaring configuration (2-4). NiMo / A1203 
was reported to be superior to CoMo / AI203 in the deep desulufurization. because of its 
higher hydrogenation aciivity (2). However, such a hydrogenation route suffers severe 
inhibiiion by aromatic species in their dominant presence (3). because 4.6-DMDBT 
must compete with the aromatic species to the hydrogenation sites on the catalysts. The 
aromatic species up to 30 wt % in the gas oil was that completely stop the desulfuri- 
zation of ihe particular substrate (3). The catalyst for the selective hydrogenation of 4.6- 
DMDBT in ihe dominant aromatic partners is most wanted to achive its extensive 
desulfurization in  the pas oil, although there have been reported activitics of various 
transition metal sulfides for HDS of dibenzothiophene ( 5 ) .  and hydrogenation of 
aromatic hydrocarbons (6). 

The present authors have reproted that different hydrogenation selectivity for 4.6- 
DMDBT and naphthalene over mixed sulfides of molybdemum and other transition 
metals (7). Ru-CoMo / A1203 catalyst which was impregnated from aquation HCI of 
Co, Mo and Ru salts showed four times higher hydrogenation selectivity for 4,6-DM- 
DBT than NiMo I AI203 catalyst(8). In the present study, HDS of 4,6-DMDBT in 
decane containing a significant amount of naphthalene was examined over a hybrid of 
CoMo / A1203 and Ru / A1203 to design the selective hydrogenation and succsesive 
desulfurization of 4.6-DMDBT in an aromatic moiety. Its activity was compared to 
those of CoMo / A1203. NiMo / A1203 and Ru / AI203 in their single use. 
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EXPERIMENTALS 

Chemicals and Catalysts ; 4.6-DMDBT was synthesized according to the 
reference (9). Commercially available (NH&MoOd, Co(N03)26H20, and 
RuC13 3H20 were used as catalyst precusor salts. A1203 as the catalyst support was 
commercially available. 

The precusor salt was impregnated onto A1203 according to an incipinent wetness 
impregnation procedure. Content weight of metal oxide on each catalyst as follows ; 
Co(0.25 wt%)-Mo(l5 wt%) IA120.1. Ni(lwt%)-Mo(lS wt%) / AI203 and Ru(6 wt%) / 
A1203. respectively. After the impregnation. the catalyst was dried at 160'C. calcined at 
420'C under air flow, and presulfurized at 360°C for 2h by flowing H2S (5 vol %) in  
HZ under atomospheric pressure just before its use. 

Reaction ; HDS of 4.6-DMDBT in decane with naphthalene was performed in a 50ml 
batch-autoclave at 300°C under 2.5MPa H 2  pressure for I .O - 2.Sh. using I .Sg catalyst 
and log substrate including solvent. The concentrations of 4.6-UMDBT and naphtha- 
lene were 0.1 and10 wt %. respectively. After the reaction, products were qualitatively 
and quantitatively analyzed by GC-MS, GC-FID (Yanaco G-3800 and G-100) and GC- 
FPD(Yanaco G-3800 and 50ml OV-101). 
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RESULTS 

HDS Activity of 4,6-DMDBT 
Fig. I (A) and (B) illustrates the conversion of 4.6-DMDBT and naphthalene versus 

reaction time. respectively, over CoMo / A1203. NiMo I Al203, Ru / A1203 and a hybrid 
of CoMo I AI203 and Ru I A1203 at 300°C. CoMo I A1203 exhibited an excellent 
activity for HDS of 4,6-DMDBT. giving conversions of 46% by I h and 74% by 2h ils 
shown in Fig. I(A). The particular NiMo I AI203 was inferior to CoMo I A1203, giving 
conversions of 24% by I h and 47% by 2h. Ru I A1203 was very inactive for HDS. 
giving conversions of 6% by Ih and 8% by 2h. The hybrid showed the highest activity 
for HDS of 4.6-DMDBT among the catalyst examined, giving conversions of 71% by 
Ih, 87% by 2h and 90% by 2.Sh. when 20 wt% of Ru I A1203 and IS wt% CoMo / 
AI203 were used. NiMo I A1203 showed high activity for the hydrogenation of 
naphthalene. giving conversion of 90% by I h. Tetralin and decalin were the products. 
their yields of the latter produced being 6% by I h and 18% by 2h, respectively. CoMo / 
AI203 and its hybrid with Ru / A1203 exhibited similar activities, being much inferior to 
NiMo / AI203 to give conversion of 61 and 77% by 1 h, respectively. Decalin of 80% 
produced by I h over CoMo / Al203,5% by I h over the hybrids. Ru / A1203 was very 
inactive, giving a conversion of 10% by I h and 23% by 2h. 

Products frum 4,6-I)MDBT 
Fig.2(A) and (B) illustrates t h e  product yields from 4,6-DMDBT over the CoMo / 

A1203, NiMo I A1203. Ru / A1203 and a hybrid of CoMo I A1203 and Ru I AI203 at 300 
'C. The major products were hydrodesulfurization products B4.6 and A4,gespectively. 
B J , ~  and A4.6 were produced through the hydrogenation of one or both phenyl ring in 
46DMDBT. In addition, hydrogenation products of H and desulfurized product C4,6 
were also found in minor yields, being produced through the hydrogenation of one 
phenyl ring and successive direct sulfur elimination, respectively. by the yields over 
CoMo I A1203. NiMo / A1203. Ku / AI203 and hybrids with 10 and 20 wt% Ru I AI2O3, 
respectively. as suininnrized in Table I .  CoMo I A1203 and the hybrid provided H4 
by the yields of 24 and 3590, respectively, by Ih, while the yields of H were 3 and 10% 
by I h, respectively. The yield of H decreased beyond 1 h over CoMo / AI203 and 
hybrids, indicating its consecutive reaction pathway. Large yield of A4.6 over the 
hybrid was noted, being produced of A4.6 43% and 45% by 2h over hybrid with R u  / 
AI203 I O  wt% and 20 wt%, respectively, while giving conversions of 29% and I I %  by 
2h over CoMo I A1203 and NiMo / Al203, respectively. Yield of C4,h were 0 to 2%. 
respectively over these catalysts, indicating very minor contribution of direct elimination 
of sulfur from 4.6-DMDBT as reported previously (2). 

The palticular Ru I AI203 was inferior in the desulfuri7ation to CoMo / AI203 and the 
hybrid, however i t  produced more H, giving its yield of 6% by Ih, and 8% by 2h. 
Longer reaction time beyond I h increased the yield, although no definite product of 
desulfurization was found. 

DISCUSSION 

Fig3 illustrates the hydrodeslfurization scheme of 4.6-DMDBT carries two methyl 
groups on 4 and 6 carbons neighbouring sulfur atom. Because two methyl groups on 
the sulfur htoin. sterically hinder the interaction of sulfur through its Pz orbital with the 
sulfur vacancy of sulfide catalyst, the direct elimination of sulfur at0111 is strongly 
hindered. The hydrogenation of one of two phenyl rings hreakes the co-planiuity of the 
dibenzothiophene skelton, moderating the steric hindrance of the methyl groups in the 
neighbors of the sulfur atom. Furthennore the hydrogenation of the neighboring phenyl 
ring increascs electron density of the sulfur atom enhancy its elimination through 
electron density interaction with the active site. Thus, it is very essential to hydrogenate 
the phenyl ring of 4.6-DMDBT for the accelerate of its desulfurization. 

The hydrogenation of 4.6-DMDBT at one of its phenyl ring certainly compeates the 
hydrogenation active site with aromatic partners of dominant presence in the deisel oil as 
observed in the present study. The selective hydrogenation of 4.6-DMDHT is very 
essential to accelerate its desulfurization. NiMo I A1203 exhibited preferable hydroge- 
nation of naphthalene on the conversion-base to that of 4,6-DMDBT in  the dominant 
presence of the former substrate. While CoMo I A1203 and the hybrid of CoMo / AI203 
and Ru / AI203 did similar or slightly preferable selectivity to 4.6-DMDBT. respecti- 
vely. Thus, the latter catalyst promoted the largest desulfurization activity of 4.6-DM- 
DBT with the smallest hydrogenation of naphthalene. 
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The products for 4.6-DMDBT arc classified into three calegories. hydrogenation, 
direcf-desulrurizatioii and desullurization through the hydrogenation. RU / AI203 
produce more hydrogenation product of 4.6-DMDBT than CoMo I AI203 and the hybnd 
catalyst. because of its insecutive desulfurization reactivity. while the hybrid catalyst 
gave the largest yield of bicyclohexyl which is the desulfurized product of both rings 
hydrogenated. Based on the above discussion, the hybrid catalyst performed the 
selective desulfurization of 4.6-DMDBT in the dominant presence of naphthalene 
through the selective hydrogenation of substrate over Ru / A1203 and the desulfurization 
of hydrogenated products over CoMo / A1203. High activity of NiMo / AI203 for the 
non-selective hydrogenation rules out the efficiency of its hybrid with Ru I A1203. 

The origin of selectivity for 4.6-DMDBT may be worthwhile for speculation. 
although no sufficient evidence is available at moment. n orbital localized on the sulfur 
atom in 4,6-DMDBT may interact prefereable to d orbital of the sulfide catalyst to that of 
the napthalene ring, being free from the steric hindrance of its methyl groups. Such a 
Sr - Md interaction may be expected more strongly with Ru than Ni. Co or Mo because 
of the higher polarizibillty of noble Ru, allowing the higher selectivity of Ru / A1203 to 
4.6-DMDBT than naphthalene. 
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Oxygenated compounds are present in virtually all coals [I]. Phenols (and related 
hydroxyl compounds) have been identified as components of coal-derived distillates (2.31. 
Ethers and related compounds, connecting structural units within the coal matrix, have been 
proposed as sites for the depolymerization of the coal [4] and also ethers, together with 
carboxyls and phenolics, have been implicated in the facilitation of retrogressive, 
crosslinking, repolymerization reactions (5.61. 

Low-rank coals ( i.e. lignites and subbituminous coals ) include significantly more 
oxygen-containing groups than coals of higher rank [7]. With the increase in the extraction 
of lower rank coals in the U.S. and research into their use as liquefaction feedstocks [5,8,91, 
the imwrtance of oxveen functionalitv removal from coal and coal-derived liquids is all the _-  
more apparent. 

The removal of these functionalities from the distillate products of coal liquefaction 
can be both complicated and expensive, and often leads to substantial reductions in distillate 
vields 131. Therefore. deoxwenation durine the liouefaction urocess would be beneficial. 
?his god may be. a t t i nab lLhh  the use of gulphideb bimetalli'c catalysts dispersed onto the 
coal using an organometallic precursor (10.1 I]. 

Model compound studies using multi-ring systems, or those of comparable 
molecular weight, were performed to investigate the capabilities of these catalysts. The 
model compounds selected represent a variety of oxygen functionalities, possibly present in 
coals of differing rank [12-141, contained within polycyclic systems. They include: 
anthrone (carbonyl); dinaphthyl ether (aryl-aryl ether); xanthene (heterocyclic ether); and 
2,6-di-t -butyl-4-methylphenoI (hydroxyl). 

EXPERIMENTAL 

All experiments were performed in a 22ml capacity microreactor. A 0.5g sample of 
model compound was loaded into the reactor. Solvent was added in a 1:2 weight ratio to 
model compound and catalyst precursors were added at 2.46mol% concentration (unless 
otherwise stated). The catalyst precursors used were (NH4)2MoS4 (ATTM), 
[Ph4P]@i(MoS4)2] (Ni-Mol) and C ~ ~ C O ~ M O Z ( C O ) Z S ~  (CoMo-T2). 

Air was removed by flushing the reactor three times with H2 to 1OOOpsi. The 
reactor was then repressurized to IoOOpsi H2. Reactions were performed at 300°C. 350°C 
and 400°C for 30 minutes. All reactions were carried out in a fluidized sand bath equipped 
with a vertical oscillator driving at a setting of 55 (-250 strokes per minute). At the end of 
the reaction the microreactor was quenched in cold water. 

Tridecane (0.25g) was added to the microreactor as an internal standard. The' 
microreactor contents were then extracted with acetone and diluted for analysis. 

Capillary gas chromatography (GC) connected to a flame ionization detector (Perkin 
Elmer-8500) and gas chromatography / mass spectrometry (Hewlett Packard-5890) were 
used for the quantitative and qualitative analysis of the product distribution, respectively. 

RESULTS AND DISCUSSION 

Product distributions have been grouped as oxygen-containing and deoxygenated 
for the purposes of this article. The conversions of anthrone, dinaphthyl ether, xanthene 
and 2,6-dir-butyl4-methylphenol are shown in Figures 14,  and the product distribution of 
dinaphthyl ether is given in Figure 5. 

Generally, the addition of any catalyst to a system under the conditions studied 
increases the total conversion. For example, at 400°C dinaphthyl ether undergoes 26% 
thermal conversion; this yield is increased to 72% in the presence of AITM, 88.5% with 
Ni-Mol, and 100% using CoMo-T2. However, any improvement in the product quality, 
especially deoxygenation and ring reduction, in the presence of these catalysts is also 
important, and the variation of these factors for the different oxygen functional groups will 
be the main focus of this discussion. 

Anthrone 
Under non-catalytic conditions anthrone converts to anthracene through thermal 

reaction of the carbonyl oxygen. Anthracene then reacts further to form a variety of 
hydrogenated ring species, such as di- and tetrahydroanthracene. 

In the presence of A m M ,  the formation of oxygen-containing compounds in the 
products at 3 5 0 T  and 400°C (substituted naphthols and phenols) suggest hydrogenation of 
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the carbonyl oxygen to a hydroxyl group before extensive conversion to anthracene. 
Reduction in the yield of these oxygen functionalities in the ATTM reaction at 400°C may 
indicate the possibility of an increase in  the conversion of these Species tO non-oxygenated 
products. 

Conversion of anthrone to oxygen-free products is increased considerably using the 
C ~ M ~ T ~  catalyst precursor. This implies that CoMo-T2 has the capability to increase the 
conversion of carbonyls without additional phenol or naphthol production. This may be 
achieved by either rapid C=O cleavage prior to ring hydrogenation, rapid phenol 
conversion to oxygen-free products, or by the prevention of initial hydroxyl group 
formation. From the reactions of 2,6-di-r-butyl-4-methylphenol with CoMo-T2, it can be 
Seen that this catalyst, although removing some hydroxyl functionality, does not promote 
the ready conversion of phenols to non-oxygen containing species. 

Variations in the oxygen-free products of anthrone conversion are also apparent for 
the different catalyst precursors. Ni-Mol appears to promote the formation of 1,2,3,4- 
tetrahydroanthracene (THA), whereas CoMo-T2 demonstrates the facilitation of 9,10- 
dihydroanthracene (DHA) production. ATTM seems to have equal affinity for the 
formation of both products. Ni-Mol and ATTM both exhibit an increase in the formation 
of 1,2,3,4,5,6,7,8-octahydroanthracene (OHA) at 400°C (0% under catalyst-free 
conditions to 11.8% and 11.3% respectively), which only appears in very low yields with 
CoMo-T2 (1.5%). This reduction in OHA yield for the CoMo-T2 precursor is comparable 
to increases in anthracene and DHA production, suggesting selective hydrogenation of the 
9- and 10- positions (i.e. the carbonyl carbon). 

Dinaphthyl Ether 
Under non-catalytic conditions naphthalene is the major product of dinaphthyl ether 

(DNE) hydrogenation, with low yields of 2-naphthol, although total conversion is very 
small (26%). Oxygen functionality removal is increased in the presence of all the catalyst 
precursors, although to a lesser extent than for anthrone. 

ATTM increases DNE conversion to oxygen-free products (63.6% at 400°C) with 
the balance of the products being phenols, naphthols (1.8%) and ring-reduced derivatives 
of the starting material. Phenol and naphthol yields decrease from 350°C to 400°C. again 
implying that ATTM facilitates hydroxyl group removal. 

High conversions to tetralin and naphthalene are achieved in the presence of CoMo- 
T2 (51.6% and 40.2% respectively at 400OC). Phenols and naphthols are present in larger 
yields than for anthrone, suggesting the cleavage of a single C - 0  bond followed by 
hydrogenation of the phenoxy (or naphthoxy) group. Ring-reduced derivatives of DNE 
produced at 350°C are absent at 400°C and naphthol yields decrease across the same 
temperature range. These reductions in oxygen compound yields are accompanied by 
increases in tetralin, naphthalene and alkylbenzene formation. 

The product distributions (0 : non-0) of reactions of A7TM, Ni-Mo and CoMo-TZ 
with DNE (Figures 2 and 5) distinctly show the latter precursor to be the most favourable 
for C-0-C bond cleavage to oxygen-free products. 

Xanthene 
In the absence of a catalyst xanthene is totally unreactive. Addition of ATTM or 

CoMo-T2 produces noticeable reaction at 350°C and 400°C. 
At 350°C the products from both precursors are phenols, cycloalkyl- and long-chain 

alkylbenzenes formed by C - 0  and C-C bond cleavage. However, at 400°C ATTM 
produces an increase in oxygen-free products with no increase in phenols, although 
conversion to non-oxygen containing species is low (24.9%). 

Increases in oxygen-free product yields are also achieved with CoMo-T2 at 400°C. 
but with accompanying increases in phenol formation. This gain in phenols may be 
attributed to the formation of short-chain (Cl-C2) alkylphenols from longer chain 
alkylphenols, implying that CoMo-T2 favours C-C cleavage over C-OH. 

The comparably large conversion to oxygen-free products and phenols reinforces 
the ability of CoMo-T2 to cleave ether linkages, and inability to remove hydroxyl groups. 
However, the low conversions of xanthene illustrate the unreactive nature of the starting 
material. 

2,6-Di-r-butyl4-methylphenol (DBMP) 
Under non-catalytic reaction conditions the conversion of DBMP involves the 

cleavage of one, or both, of the r-butyl groups to produce 2-butyl-4-methylphenol (BMP) 
and ultimately 4-methylphenol (100% at 400OC). No reaction occurs at 300°C in the 
absence of a catalyst. When a catalyst is present the removal of the butyl groups becomes 
more favourable and formation of the above products takes place. 

At 350°C with A T I U ,  almost all the starting material has reacted and only a small 
poaion remains as BMP (13.5%). The major product, 4-methylpheno1, then undergoes 
catalytic hydrogenation and hydroxyl removal to form toluene and methylcyclohexane. At 
400°C these reactions proceed to a greater extent, resulting in greater yields of both 
Products (46.5% and 20.2% respectively). 

In the Presence of CoMo-T2, DBMP appears to lose both butyl groups SO rapidly 
that no 2-r-butyl-4-methylphenol is isolated, so 4-methylphenol is the only product at 
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300°C. At 350°C it exhibits some further conversion to methylcyclohexane (1.6%) and at 
4W"' toluene and methylcyclohexane are produced. 

DBMP is a reactive compound through loss of its butyl groups. However, the 
hydroxyl group C-OH bond is very resistant to reaction and is only cleaved, to a substantial 
degree, in the presence of the ATTM precursor. CoMo-T2 removes the OH-group, but 
only to a small extent. 

Investigations using the Ni-Mol precursor are not as advanced as those for ATTM 
and CoMo-T2. Presentation of these results is planned for future articles. 

CONCLUSIONS 

From the non-catalytic data shown there is a clear order of starting material 
reactivity : 2,6-di-t-butyl-4-methylphenol > anthrone > dinaphthyl ether > xanthene. 
However, the reactivity order of the oxygen functionalities in the presence of the various 
catalysts is different. For non-catalytic conditions the order appears to be : carbonyl >aryl- 
aryl ether )> substituted phenol = heterocyclic ether. In the presence of A'lTh4 this sequence 
changes slightly to : carbonyl >substituted phenol = aryl-aryl ether B heterocyclic ether and 
for reactions involving CoMo-T2 the reactivity order appears to be : carbonyl aryl-aryl 
ether > heterocyclic ether > substituted phenol. 

These differences in reactivity order emphasize the effect of the nature of the 
oxygen functionality on the deoxygenating capabilities of the catalysts and that different 
catalysts can have different roles in promoting hydrodeoxygenation and reduction, 
depending on the nature of the starting material. They also highlight the undesirability of 
phenolic and heterocyclic ether structures in liquefaction systems. Both these structures 
types are quite unreactive under liquefaction conditions and any reaction has a tendency to 
form high yields of single-ring phenols. 

When applied to coals, these findings suggest that coals differing from each other in 
the form of which oxygen functional groups are dominant, may show quite different kinds 
of liquefaction products, depending on which catalyst precursor was chosen. 
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Figure 1 .  Yield of oxygenated and deoxygenated products of anthrone as a function of 
temperature and catalyst precursor. 
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Figure 2. Yield of oxygenated and deoxygenated products from dinaphthyl ether as a 
function of temperature and catalyst. 
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Figure 3. Yield of oxygenated and deoxygenated products of xanthene as a function of 
temperature and catalyst. 
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ABSTRACT 

A new series of catalysts, transition metal bimetallic 
oxynitrides of the form M1M20,Ny (M1 = V, Nb and Cr, M2 = Mo), was 
prepared. The catalysts were synthesized by nitriding the 
bimetallic oxide precursors in an ammonia gas stream at 1000 
cm3/min ( 6 . 8 ~ 1 0 ~  pmols-l) using a heating rate of 5 Klmin (8.3~ 
10-2 Ks-1). The catalysts were characterized by x-ray 
diffraction, CO chemisorption and surface area measurements. The 
activity of these catalysts for hydroprocessing was studied in a 
three-phase trickle bed reactor operated at 3.1 MPa and 643 K. 
The liquid feed consisted of 3000 ppm sulfur (dibenzothiophene), 
2000 ppm nitrogen (quinoline), 500 ppm oxygen (benzofuran), 20 
wt% aromatics (15 wt% tetralin and 5 wt% amylbenzene) and balance 
aliphatics (tetradecane). The activities of the bimetallic 
oxynitrides were compared to a commercial Ni-Mo/Al2O3 (Shell 324) 
catalyst tested at the same conditions. The bimetallic 
oxynitrides were found to be active for the hydrodenitrogenation 
(HDN) of quinoline. In particular, V-Mo-0-N exhibited higher HDN 
activity than the commercial Ni-Mo/A1203 catalyst. 
hydrodesulfurization (HDS) activity of the bimetallic oxynitrides 
ranged from 9-25% with V-Mo-0-N showing the highest HDS activity 
among the oxynitrides tested. 

The 

INTRODUCTION 

Monometallic nitrides have been investigated extensively since 
the 50's and 60's [1,2]. However, in order to take advantage of 
the catalytic properties of the carbides and nitrides, it is 
important to prepare these materials in high surface area form. 
Conventional powder metallurgy methods such as direct nitridation 
or carburization of metal or metal oxide powders resulted in 
compounds of typically low surface area ( c  10 m2g-l). 
Significant progress has been made in the preparation of these 
materials in high surface area form in the last decade and a half 
[3-61. One of the techniques developed during this period was 
the temperature programmed reaction [7] method of preparing high 
surface area compounds from oxide precursors. The technique 
offers the advantage of lower synthesis temperatures than the 
conventional methods. In addition, the transformation of the 
oxide to the carbidelnitride phase is direct, bypassing the metal 
phase, which is the most prone to sintering. However, most of 
the work on the temperature programmed reaction is focused on the 
synthesis of monometallic carbides and nitrides. There is little 
work reported on the preparation of high surface area mixed 
transition metal nitridesloxynitrides in the literature. 

Transition metal carbides and nitrides were found to be active 
for a number of hydrocarbon reactions [a]. One of the major 
applications of transition metal carbides and nitrides has been 
in hydroprocessing. 
Petroleum feedstocks is gaining importance with the need to 
process heavier resources. Nitrogen removal is always 
accompanied by the consumption of excess hydrogen due to the 
difficulty involved in the C-N bond scission. The development of 
catalysts that are selective to C-N cleavage is an important 
goal, and this paper reports an investigation on a new class of 
catalysts which is different in structure and properties from the 
conventional Ni-MojAl2O3 and Co-Mo/A1203 hydrotreating catalysts. 

Removal of nitrogen and sulfur from 
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After the initial results by Schlatter, et al., [ 9 ]  on quinoline 
HDN, most of the hydroprocessing work has been concentrated on 
molybdenum nitride catalysts, both supported and unsupported [lo- 
141. 
nltrogen is partially exchanged by oxygen and a second transition 
metal is also introduced in the interstitial compound. 

SYNTHESIS AND CHARACTERIZATION 

The bimetallic oxynitrides were prepared by nitriding the 
bimetallic oxide precursors using the temperature programmed 
reaction technique [15]. The oxide precursor was loaded in a 
quartz reactor placed in a furnace (Hoskins S O O W ) .  Ammonia 
reactant gas was passed over the oxide bed at a flow rate of 1000 
cm3/min (68Ox1O2 pmols-1). 
was ramped linearly at 5 Kjmin ( 8 . 3 ~ 1 0 - ~  Ks-l) to the final 
synthesis temperature (TmaX) and held at that temperature for a 
period of time (thold). The effluent gases from the reactor were 
analyzed by an on-line mass spectrometer (AmetekIDycor, MAlOO). 
Once the reaction was completed, the gas flow was switched to 
helium and the reactor was quickly cooled down to room 
temperature by removing the furnace. The catalysts were 
passivated at room temperature in a 0.5% 02/He gas mixture before 
exposure to the atmosphere. 
conditions used in the preparation of these materials is 
presented in Table 1. 

The bulk phase purity of the samples was identified by x-ray 
diffraction (XRD) (Siemens Model D500 with a CuKa 
monochromatized radiation source). Figure 1 presents the XRD 
patterns of the passivated bimetallic oxynitrides. The patterns 
did not show any features of the starting oxide material and 
moreover, all the patterns indicate that the oxynitrides have a 
face centered cubic arrangement. In addition, the line- 
broadening of the peaks indicates the presence of small 
crystallites. Elemental analysis indicated that the actual 
composition of the catalysts was V2.~Mo1.001.7N2.4, 
Nb2.0M02.603.0N4.2 and Cr1.0M01.302.3N1.4. N2 physisorption and CO 
chemisorption measurements were carried out to obtain the 
specific surface area and the number of exposed surface metal 
atoms. Prior to surface adsorption measurements, the catalysts 
were activated in a flow of 1 0 %  H2/He gas mixture at 738 K for 2 
h. The surface areas, CO uptakes and the number densities are 
summarized in Table 2. The number densities indicated in Table 2 
reveal that only a maximum of 14% of the total metal atoms are 
available for the chemisorbing molecule. These values are 
typical of the interstitial compounds due to the prior occupation 
of the sites by N and 0, which were not removed during the 
activation process. 

REACTIVITY 

Experimental runs consisted of testing a series of oxynitride 
catalysts for their activity in hydrodenitrogenation (HDN), 
hydrodesulfurization (HDS) and hydrodeoxygenation ( H D O ) .  The 
reactions were carried out in a three-phase trickle-bed reactor 
at 3.1 MPa and 643 X. 
was loaded, corresponding to a total surface area of 30 m2. 
prior to Catalytic testing, the oxynitrides were activated in 
flowing hydrogen at 723 K for 3 hours. The commercial Ni- 
~o/Al2O3 Catalyst was sulfided in a flow of 10% H2S/H2 gas 
mixture. After the activation process, the reactors were cooled 
down to 643 K and hydrogen was pressurized to 3.1 MPa. Hydrogen 
flow to the reactor was maintained at 150 cm3(NTP)/min (100 
pmo1S-l) using mass flow controllers. Liquid feed rate was set 
at 5 cm3h-l using high-pressure liquid pumps. 
passed over the catalyst bed in a cocurrent upflow mode and out 

This paper reports a new family of nitrides, where the 

The temperature of the reactor bed 

A summary of the synthesis 

Typically about 0.2-1 g of the catalyst 

The gas and liquid 
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to the liquid sampling valve. The liquid feed composition used 
in all the experiments was 3000 ppm S (dibenzothiophene), 2000 
ppm N (quinoline), 500 ppm 0 (benzofuran), 20 wt% aromatics (15 
wt% tetralin and 5 wt% amylbenzene) and balance aliphatics 
(tetradecane). The reactions were carried out for a period of 60 
hours. The liquid samples were analyzed off-line by gas 
chromatography. 

The activity of the catalysts was compared on the basis of equal 
surface areas of 30 m* loaded in the reactor. Figure 2 shows a 
comparison of the activities of the catalysts for HDN, HDS and 
HDO at 3.1 MPa and 6 4 3  K. Clearly, the oxynitrides show 
considerable activity for the HDN of quinoline. In fact, V-Mo-O- 
N exhibited higher activity than the commercial sulfided Ni- 
MofAl,O, catalyst. All the catalysts showed similar product 
distribution and the major hydrodenitrogenated product was 
propylcyclohexane. The HDN activity of the catalysts was stable 
even after 60 hours on-stream. The HDS activity of the 
oxynitrides ranged from 9-25%, with V-Mo-0-N displaying the 
highest HDS activity among the oxynitrides tested. The 
oxynitrides showed high initial HDS activities, but they 
deactivated after about 25 h on-stream. The major product from 
the HDS of dibenzothiophene was biphenyl. The oxynitrides were 
also active for the removal of oxygen from benzofuran. The HDO 
activity ranged from 12-32% and the major deoxygenated product 
was ethylcyclohexane. In fact, the V-Mo-0-N showed higher 
overall activity than the corresponding monometallic nitrides 
1161. 
for the removal of sulfur and oxygen from the liquid feed. 

X-ray diffraction patterns of the spent catalysts indicated that 
the bulk phase purity of the samples was preserved. 
did not show extraneous oxide or sulfide peaks indicating that 
the oxynitrides were stable towards heteroatoms even after 
prolonged exposure at elevated temperatures. 

The commercial Ni-Mo/Al2O3 catalyst showed high activities 

The patterns 

CONCLUSIONS 

A new series of catalysts, bimetallic oxynitrides of transition 
metals, was prepared in high surface area form. They were found 
to be active for the hydrodenitrogenation of quinoline. 
Interestingly, V-Mo-0-N displayed higher HDN activity than the 
commercial Ni-MO/Al2Oj catalyst. The new catalysts were found to 
be sulfur resistant under the reaction conditions. The bimetallic 
oxynitrides displayed better activity and stability than the 
monometallic nitrides. 
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T a b l e  1. Summary of the Synthesis Conditions 

Catalyst Final Temperature Soak Period 
Tmax I K thold 1 

V-Mo-0-N 1 0 3 7  0 . 5  

Nb-No-0-N 1 0 6 3  0 . 3  

Cr-Mo-0-N 1 0 1 3  0 . 3  

T a b l e  2 .  Results of Surface Adsorption Measurements 

Catalyst CO Uptake Surface Area Number Density 
pmolg-1 m29-1 x 1015 cm-2 

V-MO-0-N 1 6 7  7 4  0 . 1 4  

Nb-MO-0-N 1 1 . 2  1 2 1  0.0056 

Cr-Mo-0-N 1 6 3  9 0  0 . 1 1  
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INTRODUCTION 
Molecular sieves such as Y and ZSM-5 are widely used catalysts in acid-catalyzed reactions for the 
production of fuels, petrochemicals, and fine chemicals 11-31, Despite their enormous use as 
environmentally safe catalysts, they are limited to convert relatively small molecules as their pore 
size is retuicted to nucropore size range (usually 1.4 nm). However, with the growing demand of 
technologies for treating heavier feeds, as well as for synthesizing large molecules for producing 
commodities and fine chemicals, it  is necessary to develop catalysts with wider pores. Recently, 
Mobil workers have reported a new series of mesoporous molecular sieves (4.51: MCM-41 is one 
of the members of this extensive family of mesoporous series possessing a hexagonal array of 
uniform mesopores. Many reports have since appeared on synthesis and characterization of these 
new materials (6-101. However, information on their catalytic activity is still very limlted. The 
pore dimensions of these materials can be tailored (in the range of 1.5-10.0 nm or more) through 
the choice of surfactant and auxiliary chenucals as templates and the crystallization conditions in 
the synthesis procedure. The BET surface area of these materials IS more than 1000 m2/g with 
high sorption capacities of 0.7 cclg and greater. Moreover, these matenals can be synthesized in a 
large range of framework SUA1 ratios and therefore c3n develop acid sites of different strength. 
Hence, these new mesoporous aluminosilicate molecular sieves, AI-MCM-41, might open new 
possihilities in developing catalysts for processing large molecules. 

As part of our ongoing project on liquefaction of coal and upgrading of coal liquids, we intend to 
use these mesoporous aluminosilicates molexlar sieves as catalysts to upgrade the coal derived 
oils to transportation fuels, particularly thermally stable jet fuels. We have studied the synthesis 
and characterization of these materials [ I  I ] .  In this paper. we repon some of the results on the 
synthesis and their application for the catalytic conversion of model polycyclic aromatic 
hydrocarbon compounds. 

EXPERIMENTAL 
The mesoporous aluminosilicate molecular sieves, AI-MCM-4 I ,  were synthesized hydrothermally 
in 100 ml Teflon lined autoclavcs from a mixture of reactants with the following composition: 
50Si02-xA120~-2.19(TMA)~0-15.62(CTMA)Br-3165H20; where -0.5, 1.0 and 2.0. The details 
of synthesis are given elsewhere [I I ] .  Three series of smples with varying Si/AI ratios. and using 
three different aluminum sources (aluminum isopropoxide. pseudo boehmite and aluminum 
sulfate) were synthesizcd. Some synthesis parameters and their physical characteristics are shown 
in Table 1. The AI-MCM-41 samples were characterized by chemical analysis, X-ray diffraction, 
nitrogen adsorption, thcrmogravimetric analysis, and solid state NMR 

Prior to catalytic runs, the organic template from the as-synthcsized solids was removed by 
calcining the samples in a tubular furnace at 550 OC for one hour in nitrogen and 6 hours in air 
flow. The calcined samples were exchanged with ammonium nitrate. The protonated form was 
then obtained by calcining these ammonium exchanged samples at 550 UC for 3 hours. Finally, 
3wt% Pt was loaded by wet impregnation, with a required amount of hexachloro platonic acid 
(AldnchJ solution and the sample in a beaker and evaporating the water at room temperature while 
stirring it  overnight. The Pt loaded samples were then calcined in air at 450 OC for 3 hours. 

Mesoporous molecular sieve catalysts were tested for the following reactions: I )  hydrogenation of 
naphthalene and phenanthrene, 2) isopropylation of naphthalene and 3) hydrocracking of I J.5- 
triisopropyl benzene. A 30 cc stainless-steel tubing bomb batch reactor was used for all the 
experiments. During the reaction, reactors were heated in a fluidized sand-bath under vertical 
shaking (240 cycles/min.). All the chemicals were used as supplied. The standard reactor charge 
w3s 0.10 g of catalyst and 1.0 g of reactant and other reaction conditions are given in appropriate 
Tables. At the end of the reaction, the reactor was quenched in cold water. After collecting the 
reaction products in acetone solution, they were analyzed by GC (Perhn-Elmer 8500) using DB-17 
fused silica capillary column. The products were identified by GC-MS (HP). 

RESULTS AND DISCUSSIONS 
Three series of AI-MCM-4 I samples using three different aluminum sources. aluminum 
isopropoxide, pseudo boehmite (Catapnl B), and aluminum sulfate. with SUA1 ratios 50, 25, and 
12.5 were synthesized. Details are shown in Table 1. The crystallinity, the incorporation of 
aluminum in framework and the acidity were studied by XRD, nitrogen sorption. thermal analysis 
of n-butylmine on samples, 27Al MAS NMR. The results on the synthesis and charactenzation 
were reponed in our earlier paper [ I  I]. X-ray diffraction patterns showed that all the samples are 
well crystallized and phase pure with a very strong peak and three weak peaks 11.21. A typical 
XRD Pattern of AI-MCM-41 is shown in Figure I .  It was observed from nitrogen sorption and 
XRD studies that the samples prepared with aluminum sulfate are less crystalline compared to the 
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other two series of samples prepared with different aluminum sources. However, the incorporation 
of aluminum framework was found to be efficient with aluminum isopropoxide and aluminum 
sulfate, compared to pseudo beohmite. The aluminum incorporation was characterized by increase 
in the interplanar spacings from XRD and 27Al MAS NMR. The acidity due to the presence of 
aluminum in the framework was determined by a thermal analysis of n-butylamine on samples. As 
the aluminum incorporation is higher in samples prepared with aluminum sulfate and aluminum 
isopropoxide, they have shown better acidity compared to other samples prepared'with pseudo 
boehmite [I I]. 

Catalytic test results in the reactions of hydrogenation of naphthalene and phenanthrene, 
isopropylation of naphthalene, and hydrocracking of 1,3,S-triisopropylbenzene are presented in 
Tables 2-5. The initial observation is that they are active in these reactions with good conversions. 
However, reactions occurred non-selectively as expected, because of the no shape-selective nature 
of mesoporous materials with wide pores. 

In the case of hydrogenation of naphthalene. conversion was almost hundred percent with all the 
catalysts (see Table 2). There was a large amount of unconverted tevalin observed for the MCM- 
41 catalysts prepared with pseudo beohmite, whereas for other MCM-41 catalysts the conversion 
of tetralin to decalin was almost complete. The r-decalinlc-decalin ratios for all the MCM-41 
catalysts are low and in case of the MCM-41 catalyst prepared with pseudo boehmite the ratio is 
lower compared to the earlier results reported on mordenite [ 12,131. These results indicate that in 
this reaction. the isomerization of c-decalin to r-decalin probably takes place on acid sites. If that 
is the case, MCM-41 samples are less acidic as compared to mordenite. hence the r-decalink- 
decalin ratio is low for these materials. Moreover this ratio is lower for the MCM-41 catalyst 
prepared with pseudo beohmite because of the poor incorpowtion of aluminum in the framework. 
leading to poor acidity. 

Table 3 shows the product analyses in hydrogenation of phenanthrene over three different MCM- 
41 catalysts. They were all active but product selectivities were different compared to earlier 
results reported [ 141; especially sym-octahydroanthracene was formed less, which is an isomerized 
product from sym-octahydrophenanthrene. This isomerization was believed to be occurring on 
acid sites [ 141. Hence MCM-41 catalysts are not as acidic as other zeolites. especially the MCM- 
41 catalyst prepared with pseudo beohmite. Similar observations were reported by earlier authors 
[6,81. 

The product analyses of isopropylation of naphthalene using propylene are presented in Table 4. 
The alkylation over zeolites is known to occur on acid sites. The MCM-4 I catalyst prepared with 
pseudo beohmite was not as active ar the other two  MCM-41 catalysts. It indicates that the 
catalyst prepared with pseudo beohmite is less acidic. which again confirms the poor incorporation 
of aluminum in the framework compared to the other two catalysts. From the product analyses it is 
also clear that tri and tetra isopropylnaphthalene are formed in large quantities which is a clear 
indication of non selective nature of these mesoporous materials compared to other zeolites [ 12, 
131. Non selective nature of these mesoporous materials can also be verified from the a and p 
substituted product selectivities, which are different from the results obtained on mordenite and Y 
zeolites [12,13]. 

Table 3 also shows the effect of h loading in the reaction of isopropylation of naphthalene. Both 
Pt and non h containing catalyst showed more or less similar activity, however, selectivities were 
different. The Pt loaded catalyst yielded more tri and tetra substituted isopropylnaphthalenes, 
which indicates that the alkylation processes seems to be more efficient with Pr loaded catalysts. 
This may be due to the bifunctional nature of the catalyst. In zeolite catalysis, it is a known fact 
that the bifunctional catalysts are more susceptible to the coke formation. In these experiments, 
because of less reaction time and with limited availability of propylene, deactivation due to coke 
has not been noticed. However, with continuous supply of propylene for longer reaction times 
there might be a noticeable difference in catalyst stabilities with and without h loading, 

In alkylation reactions over zeolites, the type of alkylating agent is known to have an effect. For 
example, the alkylation with alchols was found to be less efficlent compared with respective 
alkenes [ 131. This could be due to the water formation in the reactions with alcohol and water, that 
may be suppressing the activity of acid sites. Similar results were observed with these mesoporous 
molecular sieves. The conversion of naphthalene to isopropylnaphthalenes was found to be less 
when isopropanol was used as an alkylating agent compared to propylene. 

Apart from the hydrogenation and alkylation. hydrocracking is an important reaction in the process 
of upgrading the heavy oils. Zeolites are known to be good hydrocracking catalysts with good 
activity, selectivity, and stability. Table 5 shows the results of hydrocracking of bulky molecule, 
1,3,5 triisopropylbenzene over mesoporous molecular sieves. Both PUAI-MCM-41 and H/AI- 
MCM-41 were found to be active in this reaction. The main products on WAI-MCM-41 were 
mono and di substituird isopropylbenzenes. However, the conversion of Pi loaded catalyst is 
100% and products were of lower molecular weight, mainly C& hydrocarbons. This may be due 
to the hydrogenation reaction thus leading to further cracking. The conversion of 1,3.5 
oiisopropylbenzene was negligible without catalyst at similar conditions. 

CONCLUSIONS 
We observed that mesoporous molecular sieve catalysts are capable of converting bulky polycyclic 
aromatic hydrocarbons. Due 10 the large size of mesopores relative to the substrate molecules, 
however, reactions are found to be occurring non-selectively. The efficiency of the mesoporous 
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molecular sieves can be significantly different depending on their synthesis method, especially 
with the source of alumjnum used. The catalysts prepared with aluminum isopropoxide and 
alumintun sulfate were found to be more active compared to the ones prepared with pseudo 
boehmite. n e  Pt loading and type of alkylating agent are influential in the conversion of 
polycyclic aromatic compounds, as reflected in the product selectivities. 
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Figure 1. A typical X-ray powder diffraction pattern of AI-MCM-41 molecular sieves 
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Table 1. Synthesis and physical characteristics of mesoporous molecular sieves 

SiO2/A1203 (mole ratio) BET surface Pore Size from 
Sample Source of AI Input Output k e a  (m2/g) sorption (A) 
MRK9a AI isopropoxide 100 88.4 1147 27.67 
MRK9b AI isopropoxide 50 53.8 1206 28.02 
MRKlOa Catapal B 100 95.5 1010 21.92 
MRKlOb Catapal B 50 44.3 _ _ _ _  
MRKl l a  Al sulfate 100 164.6 834 25.38 
MRKl l b  Al sulfate 50 87.4 ---- 

-____ 

--___ 
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Table 2. Naphthalene hydrogenation over Pt/MCM-41 catalysts 
Reaction conditions: 0.1 g catalyst, 1.0 g naphthalene, 1000 psi H2 pressure 

200 OC temperature and 1 hour reaction time 

naphthalene Product distribution (wt%) t-lc- 

Catalyst conv. (%) tetralin t-decalin c-decalin total decalins decalins 
MRK9b 100.0 0.18 33.15 66.67 99.82 0.497 
MRKlOb 99.7 25.50 18.01 56.48 74.49 0.319 
MRKllb 100.0 0.00 32.25 67.75 100.00 0.476 

Table 3. Hydrogenation of phenanthrene over Pt/MCM-41 catalysts 
Reaction conditions: 0.1 g catalyst, 1.0 g phenanthrene, 1500 psi H2 pressure 

300 -C temperature and 2 hours reaction time 

Product distribution (wt%) 

Phenanthrene Conv. (%) 79.61 88.00 66.63 
1,2,3,4-tetrahydrophenanthrene (THP) 7.03 6.84 14.69 
9,lO-dihydrophenanthrene (DHP) 41.59 45.47 54.29 
sym-octahydrophenanthrene (sym-OHP) 14.82 31.25 13.25 

unsym-octahydrophenanthrene (unsym-OHP) 15.27 12.99 9.51 

sym-OHNsym-OHP 1.41 0.07 0.09 

MRK9h MRKlOb MRKlIb 

sym-octahydroanthracene (sym-OHA) 16.70 1.40 7.7 1 

tetradecahydrophenanthrenes (TDHP) 3.94 2.03 0.00 

Table 4. Isopropylation of naphthalene over MCM-41 catalysts 
Reaction conditions: 0.1 g catalyst, 1.0 g naphthalene, 150 psi propylene 

200 0C temperature and 2 hours reaction time 

Product distribution (wt%) 
Catalyst WMRK9b Pt/MRK9b PtlMRKlOb WMRKl lb  
naphthalene Conv. (%) 92.48 96.62 37.41 90.25 
2-isopropylnaphthalene 1 1.82 9.13 24.59 11.57 
1-isopropylnaphthalene 16.27 9.88 56.13 20.24 
diisopropylnaphthalenes 42.1 1 39.25 16.4 I 42.19 
triisopropylnaphthalenes 25.37 34.26 2.51 22.35 
tetraisopropylnaphthalens 4.41 7.46 0.29 3.63 
2,6-diisopropylnaphthalenes 3.18 4.87 0.80 2.09 
2.7 di isopropyl naphthalenes 3.96 3.83 0.77 2.09 

Table 5. Hydrocracking of 133-triisopropylbenzene over MCM-41 catalysts 
Reaction conditions: 0.1 g catalyst, 1.0 g triisopropylbenzene, 1500 psi H1 pressure 

350 0C temperature and 2 hours reaction time 

Product distribution (wt%) 
Catalyst no catalyst WMRK9b WMRK9b 
1,3,5-triisopropylbenzene Conv. (%) 1.02 67.69 100.0 
isopropy lbenzene 0.00 19.56 0.0 
1,3-diisopropylbenzene 94.20 63.09 0.0 
1,4-dUsopropylbenzene 3.30 7.71 0.0 
others, mainly C,-C, hydrocarbons 4.10 9.63 100.0 
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INTRODUCTION 
Phenanthrene and its derivatives are abundant in coal-derived liquids from coal carbonization. 
pyrolysis. and liquefaction; however, they are used in industries only to a limited extent despite of 
considerable efforts [Song and Schobert. 19931. On the other hand, their isomers, anthracene and 
!tS derivatives such as sym-octahydroanthracene (sym-OHA), are more useful materials for 
industrial applications. Anthracene and its derivatives may be used as the starting materials for the 
manufacturing of anthraquinone (an effective pulping accelerator), pyromellitic dianhydride 
(PMDA, the monomer for polyimides such as Du Pont's Kapton), and dyestuffs [Song and 
Schoben. 1993, 1995). Thus, it  is desirable to conven phenanthrenes to anthracenes. 

There has been much research on the catalytic hydroprocessing of phenanthrene under high H2 
pressures and at temperatures generally in excess of 623 K [Nakatsuji et al.. 1978; Haynes et al., 
1983; Salim and Bell, 1954: Lee and Salterfield, 1993; Girgis and Gates, 1994; Landau et al., 
1994; Korre et al.. 19951. However, relatively little information about the ring-shift isomerization 
of phenanthrenes into anthracenes at lower temperatures is available. It has been shown in our 
earlier exploratory work that some chemically modified mordenites and Y-zeolites may selectively 
promote the transformation of sym-octahydrophznanthrene (sym-OHP) into sym-OHA [Song and 
Moffatt. 1993, 39941. Cook and Colgrove (1994) reponed the acid catalyzed isomeriration of 
phenanthrene, anthracene, and sym-OHA under FCC conditions (755 K). The objective of this 
work is to clarify the effects of reaction conditions and catalyst properties on the catalytic 
isomerization of sym-OHP into sym-OHA. In addition, the Molecular Mechanics (MM3) [Allinger 
et al., 19901 calculations were performed lo find the equilibrium coriipositions of sym-OI1P and 
qm-OHA, and to establish the upper limit of the catalytic conversion. We wish to establish activity 
and selectivity data that could point to an inexpensive way of making anthracene derivatives from 
phenanthrene denvatives. 

EXPERIMENTAL 
The sym-OHA and Aym-OHP chenucals were obtained from Aldrich Chemical Company and TCI 
America, respectively, and were used as received. Their purities were analyzed in our laboratory 
using gas chromatography ( G C )  and gas chromatography-mass spectrometry (GC-MS). The 
catalysts used in the catalytic isomerization reactlons include: two hydrogen mordenites (HML8 and 
HM30A) and two noble metal loaded mordenitcs (WHM3OA and Pd/HM30A). PmM30A and 
Pd/HM30A were prepared by incipient wetness impregnation method; Le., the salt of platinum and 
palladium were dispersed into the mordenites by incipient wetness impregnation of corresponding 
aqueous H2PtC16 or H2PdC14 dissolved in hydrochloric acid. The noble metal loading on the 
support was kept at nominally 6 wtR. The metal-loaded catalysts were calcined in air at 723 K for 
2 h after being dried in vacuum oven. The details of the preparation and properties of the catalysts 
are described elsewhere [Song and Moffatt. 1994; Schmitz et al., 19941. 

Catalytic isomerization reactions were carried out in 28-mL horizontal type sbiinless steel tubing 
bomb reactors, which were charged with 0.6 mmole of sym-OHP or sym-OHA (0.1 12 9). 1 ml of 
1.3.5-trimethylbenzene solvent, and 0.2 g of catalyst, at 473-573 K for 0.15-12 h under an initial 
pressure of0.79 MPa UHP N2 or H2. The unifomuty of concentration and temperature inside thc 
reactor was obtained by agitating the reactor vertically at 240 cycledmin. After the reaction, the gas 
products were collected in a gas bag, and the liquid products were recovered by washing with 
acetone. The recovered catalyst was stored in a vial for thermogravimeuic analysis performed later. 
The gaseous products were quantitatively analyzed using a Perkin-Elmer Autosystem GC equipped 
with two detectors, a thermal conductivity detector (TCD) and a flame ionization detector (FID). 
The liquid products were analyzed on an HP 589011 GC coupled with an HP 5971A Mass Selective 
Detector (MSD) and quantified by a Perhn-Elmer GC 8500 equipped with an FID. More details 
for the analytical procedures may be found elsewhere [Song et al., 1994). 

RESULTS AND DISCUSSION 
~ a l c u l a t e d  equilibrium compositions from MM3. The equilibrium compositions of sym- 
OHP and sytn-OHA at three temperatures were calculated to establish the theoretical upper linut of 
the catalytic conversion. The procedures are as follows. Calculations on the various conformers 
present in an equilibrium mixture containing only sym-OHA and sym-OHP were first performed. 
In order to obtain the raw geometries for the molecules and to find the different conformers present, 
the DELPHI-molecular mechanics program was used with the MM3 force field. The obtained 
minimized geometries were used as starting points for the MM3 program. using the MM3 force 
field (both the 1992 versions). Only slight differences were found between the optimized DELPHI- 
and MM3-geomeuies. Five and six different conformers were found for sym-OHA and sym-OHP, 
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respectively, as shown in Table 1. Table 1 also shows the calculated heats of formation and 
entropies for the different conformations of sym-OHA and sym-OHP at 298 K. The literature. value 
of the heat of formation of sym-OHA is -8.89 kcallmol [Pedley et al., 19861. The good agreement 
between the literature value (-8.89 kcal/mol) and the calculated one (-9.17 kcal/mol, in Table 1) 
indicates that the MM3 force field should be applicable to problems like these. From these data, the 
Gibbs free energy Ofsym-OHA and sym-OHP at 298 K could be obtained. In similar fashion, the 
Gibbs free energies of these compounds at 473, 523, and 573 K may be calculated by correcting 
the heats of formation and entropies in Table 1 for temperatures. From these free energies, the 
equilibrium composition of the sym-OHNsym-OHP mixture was calculated. It should be noticed 
that one may get different MM3 calculation results from using different estimated thermodynamic 
parameters of sym-OHA and sym-OHP. It was found that the error in the MM3 calculations using 
current parameters for such kind of mixture compositions is about 10%. The calculated mixture 
compositions will be presented later and compared with experimental data following the 
presentation of experimental results. 

Effectiveness of HMLS. HML8 was studied more extensively than other catalysts in this 
work, because it was found to be the best among several zeolitic catalysts in our previous work at 
523 K for 2 h [Song and Moffatt, 1993, 19941. Table 2 presents the results of sym-OHP 
isomerization over HML8 with sym-OHP as the starting material at three different temperatures 
(473, 523, and 573 K) under N2 environment. The purity analysis results of the starting material 
was also presented in Table 2. It can be seen that the as-received reactant contains about 91% of 
sym-OHP, 2.9% of sym-OHA, 5.5% in total of various hydrogenated phenanthrenes (asym-OHP, 
9,10-DHP, 1,2,3,4,4a,IOa-HHP, and 1,2,3,4-THP), and 0.6% of other impurities. The purity 
analysis is important, because without this information it is possible that impurities are mistaken as 
products. The reactivities of 9.10-DHP and 1,2,3,4,4a,IOa-HHP will be briefly discussed first. 
9.10-DHP does not react to a great extent except under severe conditions, e.g., 573 K for 1 h; on 
the other hand, 1,2,3,4,4a,lOa-HHP reacts quickly even at a lower temperature, 473 K. The main 
reaction of 9,10-DHP, which accounts for about 2.7% of the starting reactant, was believed to be 
dehydrogenation to phenanthrene under current reaction conditions. The supporting evidence is 
from the fact that the sum of 9,IO-DHP and phenanthrene was relatively constant (about 2.8) for 
most of the reaction conditions. Other researchers also suggested the hydrogenation of 9,lO-DHP 
to 1,2,3,4-THP [Lemberton and Guisnet, 19841 and asym-OHP [Nakatsuji et al., 19781; however, 
these hydrogenation reactions are less likely under the current reaction conditions judging from the 
deficiency of hydrogen and the overall product distribution of 1,2,3,4-THP and asym-OHP. To 
verify this, experiments need to be performed with 9.10-DHP as the sole reactant. For 
1,2,3,4,4a, loa-HHP, the main reactions were believed to include dehydrogenation to 1,2,3,4- 
THP, and ring-contraction isomerization and ring-opening cracking. 

The major reaction of interest in this work is the isomerization of sym-OHP to sym-OHA; Table 2 
shows that HML8 was an effective catalyst for this reaction because it could afford over 90% 
selectivity with reasonable conversion (about 50%). In order to approach equilibrium conditions, 
relatively long residence times have been employed, e.g., 12 h at 473 K, 4 h at 523 K, and 1 h at 
573 K. From Table 2, the reactions seemed to have reached the asymptotic equilibrium after 12 h at 
473 K, 2 h at 523 K, and 0.25 h at 573 K. In other words, the yield of sym-OHA reached its 
maximum at those reaction conditions, and longer reaction times at 523 K and 573 K only served to 
decrease the sym-OHA yield because of enhanced competitive side-reactions or secondary reactions 
such as ring-opening cracking and subsequent dealkylation (to form mainly alkyltetralins), 
conventional ring-contraction isomerization, and dehydrogenation. The selectivity towards sym- 
OHA suffered severely when the reaction temperature was increased to 573 K, when side-reactions 
became significant. 

Table 3 compares the pseudo-equilibrium yields from MM3 calculations and experimental results at 
three temperatures. There exists discrepancy between the calculated data and the experimental 
results. The MM3 calculations indicate that the reaction temperature has a moderate effect on the 
equilibrium ratio of sym-OHA to sym-OHP. For example, the ratio changes from 2.56 to 1.95 
when the temperature is increased from 473 K to 573 K. However, the experiments show that 
although the reaction temperature affects the reaction rate and selectivity, the equilibrium ratio is not 
sensitive to the reaction temperature. For example, the equilibrium ratios are all close to 1.3 for the 
temperature range studied. Table 3 shows that the pseudo-equilibrium yields of sym-OHA from 
experiments are considerably lower than the calculated equilibrium yield from MM3 method. There 
might be some explanations for the discrepancy. The calculation assumes that sym-OHP and sym- 
OHA are the only reacting species in the reaction system. However in the real experimental system 
since there are other reactants as well as by-products, the actual equilibrium state now depends on 
more simultaneous chemical reactions. For the current reaction system, at higher temperatures, 
e.g., 523 K and 573 K, there are significant side reactions as can be seen from the smaller sym- 
OHA selectivity or the decreasing sum of sym-OHP and sym-OHA. Other simultaneous reactions 
might include the reactions due to the solvent used (1.3.5-trimethylbenzene) as well. Since many 
reactions are involved, the composition is a resultant of all the operative reactions and is determined 
by the thermodynamic equilibrium for the total system. In short, the presence of such simultaneous 
reactions have shifted the equilibrium state of s y m - o w  and s y m - o ~ .  
Some experiments using purc syni-OHA (rather than sym-OHP) as starting material were also 
performed to check the reversibility of the ring-shift isomerization and to confirm the experimentally 
obtained pseudo-equilibrium composition (Table 3). The results of sym-OHA isomerization over 
HML8 with sym-OHA as the starting material at three temperatures under N2 environment are given 
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in Table 4. The results demonstrate the reversibility of the ring-shift isomerization. Besides, it Was 
shown, again that HML8 was quite selective for the ring-shift isomerization except under severe 
condmns. From Table 4, the reactions seemed to have reached pseudo-equilibrium after 4 h at 
473 K, 0.5 h at 523 K, and 0.15 h at 573 K judging from the fact that the yield of sym-OHP 
reached its maximum at those reaction conditions. The pseudo-equilibrium compositions of sym- 
OHA and sym-OHP and their ratios reported in Table 4 are very close to those reported earlier (see 
Tables 2 and 3); for example, the equilibrium ratio is not sensitive to the reaction temperature and is 
close to 1.3. From the data in Tables 2-4, on the basis of reaction rate alone, it appears desirable to 
operate the reaction at a high temperature level such as 573 K. However, an examination of the 
reaction selectivity reveals that the selectivity towards sym-OHA drops rapidly at 573 K due to 
significant side-reactions. Taking both rate and selectivity into consideration, it seems that 523 K 
for 0.5 h might be the desirable condition for the sym-OHP isomerization over HML8. 

Effectiveness of HMJOA. HM30A was used to examine the possible effect of dealumination 
on the ring-shift isomerization in comparison to HML8. The Si02/A1203 molar ratios of HML8 
and HM30A are 17 and 35, respectively. Table 5 presents the results of sym-OHP isomerization 
over HM30A with sym-OHP as the starting material at two temperatures (473 and 523 K) under 
N2. Tables 2 and 5 suggest that both catalysts reacted comparably near the pseudo-equilibrium 
condition at 473 K for 12 h; this could be seen from the similar conversion level, selectivity, and 
sym-OHA to sym-OHP ratio. However, at 523 K, they behaved slightly different. The H- 
mordenites with relatively larger SiO2/A12O3 ratio, i.e., HM30A. seem to exhibit higher activity for 
sym-OHP conversion but lower selectivity towards sym-OHA plus THA. The comparison of 
selectivity could be seen at similar conversion level, 51.9%. where the selectivity is 91.9% and 
83.5% for HML8 and HM30A, respectively. In short, HM30A shows promising results at 473 K 
in terms of both activity and selectivity, but is not as selective as HML8 at 523 K. More 
experiments with additional catalysts will be needed to clarify the effect of dealumination on the 
ring-shift isomerization. 

Effectiveness of PtIHMJOA and Pd/HM30A. The motivation of using these two noble 
metal loaded mordenites on the ring-shift isomerization comes from the promising activity and 
selectivity results of HM30A at 473 K as well as our study on conformational isomerization of cis- 
decalin using the same two catalysts [Lai and Song, 19951. It was found that Pt- and Pd-loaded 
mordenites are very effective catalysts under H2 atmosphere for the conformational isomerization of 
cis-decalin even at 473 K. Because of their high activity and selectivity on the isomerization of 
naphthalene derivatives, W 3 O A  and PdlHM3OA were also used in this study. Table 6 presents 
the results of isomerization over these two catalysts with sym-OHP or sym-OHA as the starting 
material at 473 K under 0.79 MPa of H2 or N2. 

The effect of noble metals can be seen by comparing the results of HM30A (PS42, in Table 5) and 
those of Pt- and Pd-loaded HM30A (PS47 and PS48, respectively, see Table 6) .  Mordenites 
loaded with noble metal exhibits much higher activity but lower selectivity towards hydrogenated 
anthracenes. The activity for sym-OHP conversion is: Pd/HM30A > Pt/HM30A > HM30A. The 
lower selectivity towards sym-OHA for both PdMM30A and Pt/HM30A is due to the significant 
dehydrogenation reactions to form THA and THP or even phenanthrene under N2 environments. 
The results are not beyond expectation because both Pt and Pd are well known active metals for 
dehydrogenation and hydrogenation. Hydrogenation was not apparent because of the H2 deficient 
environment, since reactions were performed under N2. The dehydrogenation activity drops in the 
order Pd > Pt. 

As can be seen from Table 6,  changing the gas environment from N2 to HZ significantly affects the 
final product distribution because the dehydrogenation under N2 was replaced with hydrogenation 
under Hz. Figure 1 presents the temporal plots of major products from sym-OHP isomerization 
using Pt/HM30A and Pd/HM30A at 473 K under excess Hz (8 mmole). Figure 1 provides 
information about the reaction pathways. For example, for the catalyst Pt/HM30A, it can be seen 
that sym-OHA was the primary product; its yield reached a maximum at 0.3 h and then decreased 
due to enhanced hydrogenation. On the other hand, PHA and PHP appeared to be the secondary 
products resulting from hydrogenation of OHA or OHP. Table 6 shows that for W 3 0 A  after 
0.3-h reaction time, the ratio of sym-OHA to sym-OHP approached a constant value of 1.28, which 
was very close to the pseudo-equilibrium mole ratio determined from the study of HML8 and 
HM30A. All these results suggest that sym-OHA formation be the major primary reaction and 
hydrogenation of OHP and OHA did not occur until sym-OHA and sym-OHP reached pseudo- 
equilibrium. In addition, it was demonstrated that Pt/HM30A shows promising activity and 
selectivity at 473 K under H2. Optimal products may be reached in a short period of time, e.g., 
0.15-0.3 h. Longer reaction time under H2 environment beyond the pseudo-equilibrium stage is 
not beneficial to the production of sym-OHA, due to pronounced hydrogenation to form deeper 
hydrogenation products such as perhydrophenanthrene and perhydroanthracene . 

The other noble metal catalyst, Pd/HM30A, showed slightly different results. Pd again shows 
higher activity but lower selectivity towards hydrogenated anthracenes. Its superior hydrogenation 
ability might have changed the reaction pathways. For example, instead of being a secondary 
product only, PHP might as well be a primary product too. The hydrogenation and isomerization 
reactions might have proceeded in parallel instead of in series for Pd/HM30A under H2 
environment. The supporting evidence is that the ratio of sym-OHA to sym-OHp did not approach 
the pseudo-equilibrium mole ratio until very late in the reaction when sym-OHP was almost 
completely consumed. The results seem to suggest that such strong ability of dehydrogenation and 
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hydrogenation might make Pd a less favorable catalyst for the ring-shift isomerization of sym-OW. 
The results of sym-OHA isomerization over F't/HM30A and Pd/HM30A with sym-OHA as the 
starting material under Hz environment, are also given in Table 6. The results demonstrate the 
reversibility of the ring-shift isomerization and the important role of deeper hydrogenation. 

SUMMARY 
The MM3 calculations were performed to find the equilibrium compositions of sym-OHP and sym- 
OHA and were compared to experimental results using four catalysts including HML8, HM30A, 
PtMM30A. and PdMM3OA. The MM3 calculations showed a moderate effect of the reaction 
temperature on the equilibrium ratio of sym-OHA to sym-OHP. However, the experiments showed 
that although the reaction temperature affected the reaction rate and selectivity, the equilibrium ratio 
was not sensitive to the reaction temperature. The presence of simultaneous side reactions was 
believed to have shifted the equilibrium state. The rate and selectivity of the isomerization reactions 
depended on both the metal and support type of the catalysts, but the equilibrium ratio was not 
sensitive to the catalysts used and was close to a constant value of 1.3. The activity for sym-OHP 
conversion is: PdMM30A > P a M 3 0 A  > HML8 = HM38. Longer reaction time beyond the 
pseudo-equilibrium stage was not beneficial to the production of sym-OHA, especially for 
PdRfM30A and Pt/HM30A due to the pronounced hydrogenation or dehydrogenation. Pt/HM30A 
showed promising activity and selectivity at 473 K under H2 with optimal reaction time of 0.15-0.3 
h. The desirable condition for HML8 was 523 K for 0.5 h. HM30A showed promising results at 
473 K, but was not as selective as HML8 at 523 K. Too strong an ability of dehydrogenation and 
hydrogenation might make Pd/HM30A a less favorable catalyst for the ring-shift isomerization of 
sym-OHP. 
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Table 1. The calculated heats of formation and entropies at 298 K 

Conformation AHf (kcahole) S (caVmol-K) 

sym-octahydroanthracene 
double chair (symmetric) -9.17 105.54 
double chair (asymmetric) -9.17 105.54 
boatchair -6.08 ins 21 
double boat (symmetric) -3.00 107.48 
double boat (asymmetric) -3.03 107.47 

sym-cctahydrophenanthrene 
double chair (symmetnc) -7.98 106.33 
double chair (asymmetric) -7.57 106.89 
boatchair I -5.05 108.78 
boat-chair U -4.83 108.76 
double boat (symmetric) -1.72 108.82 
double h a t  (asymmetric) -1.62 108.71 
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Table 2. sym-OHP isomerization over Hh4L8 with sym-OHP as the starting material 

Expt. Temp. Time Roducts (W% of feed) x c  ~ ~ 1 . d  Ratio 
no. (0 (h) sym- m a  sym- q m -  9.10. HHPa THPa Phen.a Othersb (46) (%) sym-OHA 

OHA OHP OHPa DHPa sym-OHP 
0.w 2.90 91.04 0.32 2.67 1.74 0.77 0.07 0.50 0.03 

PS6 473 0.50 14.70 0.11 77.99 0.35 2.78 0.43 1.40 0.15 2.10 13.1 91.2 0.19 
PS8 473 1.00 28.10 0.21 64.38 0.34 2.59 0.52 1.20 0.20 2.45 26.7 95.3 0.44 
ps9  473 2.00 42.30 0.26 50.35 0.36 2.57 0.22 1.16 0.20 2.58 40.7 97.5 0.84 
PSI4 473 4.00 49.64 0.33 42.25 0.35 2.60 0.04 1.21 0.17 3.41 48.8 96.5 1.17 
PSI5 473 6.00 51.44 0.45 40.20 0.33 2.54 0.04 1.29 0.16 3.55 50.8 96.4 1.28 
PS41 473 12.0 52.15 0.42 40.07 0.35 2.62 0.04 1.24 0.17 2.94 51.0 97.4 1.30 
PSI0 523 0.25 35.90 0.48 55.62 0.36 2.53 0.51 1.21 0.20 3.18 35.4 94.5 0.65 
PSI 523 0.50 48.76 1.0040.70 0.30 2.53 0.12 1.67 0.33 4.59 50.3 93.1 1.20 
PS3 523 2.0049.32 1.3039.11 0.22 2.23 0.03 1.65 0.49 5.65 51.9 91.9 1.26 
PSI8 523 4.00 47.74 1.56 38.42 0.13 1.95 1.88 0.75 7.57 52.6 88.2 1.24 
PSI3 573 0.15 44.96 1.21 41.20 0.20 2.20 0.12 2.03 0.60 7.48 49.8 86.8 1.09 
PS7 573 0.25 45.50 1.95 36.58 0.10 1.50 0.27 2.26 0.80 11.04 54.5 81.8 1.24 
PS4 573 0.50 42.67 2.13 35.64 0.15 1.75 0.12 3.70 1.12 12.72 55.4 75.6 1.20 
PS5 573 1.00 33.62 3.20 27.19 0.10 0.80 0.12 3.98 1.53 29.46 63.9 53.1 1.24 
a THA = 1.2,3.4-tetrahydroantene; asym-OHP = 1,2,3.4,4a,9,10,10a-octahydrophenan~ne; 

9,lO-DHP = 9, IOdihydrophenanthrene; HHP = 1,2,3,4,4a, loa-hexahydmphenanlhrehrene: 
THP = 1.2,3.4-teuahydrophenanthrene; Phen. = phenanthrene. 
others include products of ring-contraction isomerization and ring-opening cracking and subsequent dealkylation. 
X = conversion of sym-OHP (weight % of feed). 

This row presents the purity of as-received sym-OHP. 
* Selectivity to sym-OHA plus THA, defined as the percentage of sym-OHP conversion. 
e 

Table 3. Pseudo-equilibrium composition of the sym-OHAlsym-OHP mixture 

Temperature MM3 calculation Experimental dataa 
(K) OHA ; OHP Ratio OHA : OHPb Ratio 
473 71.9% : 28.1% 2.56 52.2% : 40.1% 1.30 
523 68.7% : 31.3% 2.19 49.3% : 39.1% 1.26 
573 66.1% : 33.9% 1.95 45.5% : 36.6% 1.24 

a Data from Table 2 12 ha t  473 K, 2 hat 523 K. and 0.25 h at 573 K. 
Other products make up the remainder 

Table 4. sym-OHA isomerization over HMLA with sym-OHA as the starting material 

Xa Se1.b Se1.c Ratio Expt. Temp. Time Products (wt% of feed) 
no. (K) 01) sym- THA sym- HHP THP Others (%) (95) (9%) sym-OHA 

OHA OHP sym-OHP 
PS27 473 1.00 61.44 0.23 35.52 0.18 0.08 2.54 38.6 92.1 92.8 1.73 
PS28 473 4.00 55.07 0.40 41.22 0.14 0.10 3.07 44.9 91.7 92.3 1.34 
PS33 473 8.00 55.42 0.39 40.56 0.16 0.09 3.38 44:6 91.0 91.5 1.37 
PS25 523 0.25 56.18 0.67 37.95 0.25 0.20 4.75 43.8 86.6 87.6 1.48 
PS26 523 0.50 53.36 0.76 40.69 0.27 0.30 4.62 46.6 87.2 88.5 1.31 
PS32 523 2.00 51.38 1.04 39.91 0.19 0.57 6.91 48.6 82.1 83.6 1.29 
PS29 573 0.15 50.91 1.26 39.15 0.23 0.92 7.53 49.1 79.8 82.1 1.30 
PS30 573 0.25 45.97 1.67 36.39 0.18 1.57 14.22 54.0 67.4 70.6 1.26 
PS31 573 0.50 40.65 2.28 32.36 0.16 2.52 22.03 59.4 54.5 59.0 1.26 

a X = convenjon of sym-OHA (weight % of feed, sym-OHA). 
b Selectivity to sym-OHP. defined as the percentage of sym-OHA conversion. 
C Selectivity to sym-OHP plus HHP and THP. defined as the percentage of sym-OHA conversion. 

Table 5 .  sym-OHP isomerization over HM30A with sym-OHP as the staning material 

products (W% of feed) Xa Se1.b Ratio 
. Expt. Catalyst Temp. Time 

no. type 0 (h) sym- THA sym- asym- 9JO- HHP THP Phen. Others (46) (5%) sym-OHA 
OHA OHP OHP DHP sym-OHP 

0.03 
ps42 HM30A 473 12.00 52.57 0.64 39.03 0.30 2.39 0.14 1.40 3.53 52.0 96.7 1.35 
P s i 6  HM3OA 523 0.50 44.47 1.72 39.19 0.21 1.55 0.14 2.34 1.05 9.33 51.9 83.5 1.13 
p s i 7  HM30A 523 1.00 42.87 2.06 35.90 0.12 1.20 0.11 2.54 1.29 13.91 55.1 76.2 1.19 

0.00C 2.90 91.04 0.32 2.67 1.74 0.77 0.07 0.50 
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Table 6. Ring-shift isomerization over noble metal loaded mordenites with sym-OHF' or sym-OHA 
as the starting material at 473 K under 0.79 MF'a of H2 or N2 

Catalyst wHM30A Pd/HM30A 
Time (h) O.Wf 0.30 0.15 0.30 1.00 2.00 2.00 0.30 0.15 0.30 2.00 2.00 
Staning reactant OHP OHP ow ow OHP OHA OHP OHP OHP OHP OHA 
0.79-MPa N2 or H2 N2 H2 H2 H2 Hz HZ N2 H2 H2 H2 H2 
Expt. no. 
Roducls (wt% of feed) 

sym-OHA 
? n A  
PHAa 
sym-OHP 
asym-OHP 
9.10-DHP 
IMP 
THP 
Phenanthrene 
PHPa 
Others 

x ( W b  
SelectivityC (So) 
Selectivity" (%) 
Selectivitve (So) 

PS47 PS45 PS43 PS36 PS39 PS38 PS48 PS46 PS44 PS37 PS40 

2.90 42.52 47.82 48.07 40.62 34.76 37.21 38.10 30.17 26.53 8.01 4.03 

2.57 3.70 9.94 12.63 12.06 10.00 16.72 33.77 40.1 I 
91.04 33.07 40.16 38.28 31.72 27.13 29.44 29.99 36.17 24.80 6.47 3.21 
0.32 1.14 2.62 3.53 3.67 3.65 3.61 1.95 4.23 3.47 1.55 0.82 
2.67 0.71 0.01 0.03 0.13 0.14 1.47 0.01 
1.74 0.02 0.02 0.06 0.06 0.03 0.02 0.02 0.08 
0.77 10.45 0.12 0.91 0.36 12.66 
0.06 3.35 5.20 

0.08 5.25 5.06 11.53 15.12 13.24 0.07 16.94 25.34 45.85 47.40 
0.50 0.89 1.55 1.30 2.31 5.44 3.89 1.54 2.46 3.06 4.35 4.43 

58.0 50.9 52.8 59.3 63.9 62.8 61.1 54.9 66.2 84.6 96.0 
81.7 93.3 92.6 80.3 69.9 72.4 67.9 60.9 46.0 

46.9 3.3 
74.5 53.6 

7.77 0.20 0.05 9.00 

sym-OHA/sym:OHP 0.03 1.29 1.19 1.26 1.28 1.28 1.26 1.27 0.83 1.07 1.24 1.26 
a PHA = pxhydroanthracene; PHP = perhydrophenanthrene. 
X = conversion of sym-OHP or sym-OHA (weight % of feed). 
Selectivity to sym'-OHA plus "HA and PHA. defined as the percentage of sym-OHP conversion. 
Selectivity to sym-OHP. defined as the percentage of qm-OHA conversion. 

e Selectivity to hydrogenated phenanthrenes, defined as the percentage of sym-OHA conversion. 
This column presents the purity of as-received sym-OHP. 

(a) PtlHM30A 
50 - 
40 - 
30 - 
20 - 

I sym-OHA 

11 sym-OHP 

0.0 0.5 1 .o 1.5 2.0 
Time (h) 

(b) PdlHM30A 50 - 

0.0 0.5 1.0 1.5 2.0 
Time (h) 

Figure 1. Temporal plots of major products from sym-OHP isomerization at 473 K under H2. 
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ABSTRACT 

Circumstances have been found under which adamantanes are significantly 
concentrated and, it is believed, formed in a petroleum refinery, and catalysts have 
been identified which are effective in recovering these compounds from a complex 
mixture of similarly boiling hydrocarbons. In an example detailed below, nearly 10% 
adamantanes, largely methyl-substituted derivatives, were found in and isolated from 
a refinery stream by selectively removing the non-adamantanes with a Pt-containing 
zeolite Beta catalyst. 

INTRODUCTION 

' 

Despite their discovery in the early 1930s in the heavy Hodonin crude of 
eastern Europe (1 ), adamantanes occasioned relatively little interest until a facile 
chemical synthesis was reported, in 1957 (2). Although notable as part of the 
diamondoids found in certain natural gas condensates (3, 4), adamantanes appear 
never to exceed about 0.02-0.04% in crudes (5), a concentration too low for economic 
recovery. 

Unsubstituted adamantane was first prepared by the AICI3-catalyzed 
isomerization of hydrogenated cyclopentadiene dimer, tetrahydrodicyclopentadiene 
(THDCP), an approach which was quickly expanded to include a number of methyl 
adamantanes (6). Solid acid catalysts such as silicaalumina (7) and HY zeolite (8) 
were also able to effect the THDCP-adamantane transformation, but none was 
apparently competitive in yield and stability with AIC13 and/or AIBr3. 

of adamantanes was a change in feedstock, from THDCP to a variety of tricyclic 
perhydroaromatics (9). The effective catalyst was an AIX3-HX-hydrocarbon mixture, 
where X = chloride or bromide. The products were methyl or polymethyl 
adamantanes, each having the same molecular weight as the feed tricycloalkane, 
often in a yield of some 60% or more. An example is shown in Figure 1. Subsequent 
work showed that numerous acid catalysts would convert tricyclic naphthenes 
(tricycloalkanes) into methyl adamantanes, namely, chlorinated PVAI2O3 (1 I ) ,  silica- 
alumina (12). silica-alumina with Group Vll l  metal (13), and REWREY, usually with 
Group Vlll metal (1 4). 

exist in a crude in the form of high boiling polycyclic naphthenes and aromatics. In a 
modern refinery, these precursors, boiling above about 3OO0C, commonly encounter 
acid catalysts in both a fluid catalytic cracking (FCC) unit and in a hydrocracker (HDC). 
Thus, the present experiments focused on HDC recycle streams. 

EXPERIMENTAL 

(16). Framework SiO~/A1203 ratios were approximately 50 for Beta and 200 for 'ultra- 
stable" Y (USY). For better comparison with the USY, a sample of the Beta catalyst 
was dealuminated to a similar framework SiO2/ AI203 ratio and designated "low 
activity" Beta (LoAct-Beta). In the experiments, all catalysts contained alumina binder, 
all were 24/60 mesh, all contained 0.5% Pt or Pd, and all were brought to initial 
operating conditions (232% and 2.5 mPa) in flowing hydrogen. The experiments 
were conducted in a downflow tubular reactor, at 2.5 mPa, with a Hn/hydrocarbon 
(H21HCJ mole ratio of 3 - 4, at temperatures of 230" 7 330°C, and at 1 - 4 WHSV (weight 
hourly space velocity). Day-to-day Catalyst aging was not significant in these 
experiments. 

In the present context, the most significant post-1960 advance in the synthesis 

Based on the chemical synthesis work, potential precursors to adamantanes 

. 

Two zeolites were used in the experiments, Beta (15) and "ultrastable" Y (USY) 
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Gas chromatography (gc) results were obtained with a 60m DB-1 capillary 
column (J&W Scientific, 0.25 mm id, 0 . 2 5 ~  film). The gc-mass spec analyses were 
performed on a Kratos Model MSBORFA, with a Hewlett Packard Series II 5890 gc and 
a 30m DB-5HT column (0.32 mm id, 0.11 film). Ionization was by electron impact. 

RESULTS AND DISCUSSION 

Refinery streams selected for testing are shown in Table 1. Since most methyl 
and ethyl adamantanes boil between 180°C and 240°C. streams were selected to 
bracket that range, namely, a 135O - 21OOC HDC heavy naphtha, a 175' - 375% HDC 
recycle stream, a 175' - 26OOC portion of the HDC recycle stream, and a 120' - 245°C 
hydrotreated kerosene, all from a refinery sourced largely with heavy crude. In addition, 
a 175O - 290°C analog of the above HDC recycle stream was obtained from a refinery 
sourced with light, conventional crude. Crude type was a consideration since, in 
general, heavy crudes are enriched in polycyclic alkanes relative to light, "conventicfinal" 
crudes (1 7). 

Isolation of adamantanes. The adamantanes shown in Figure 2a were 
obtained when the heavy crude HDC recycle stream described in Table 1 was passed 
over the WLoAct-Beta catalyst at 325OC and 1.2 WHSV. Approximately 90% of the 
feed, which boiled above 175°C was converted to lower boiling, mostly gasoline- 
range hydrocarbon. The remaining high-boiling material contained over 70% 
adamantane and methyl adamantanes. Gas chromatography (gc) and gc-mass spec 
showed the presence of diamantanes as well. 

Comparison of Figures 2a and 2b showed the striking similarity between this 
potential refinery product and a mixture of naturally occurring adamantanes recovered 
from a deep gas condensate (4). Despite the understandable difference in carbon- 
number and isomer distribution, every major peak in the product from Pt/LoAct-Beta 
corresponded to a peak in the condensate adamantanes. Gc-mass spec confirmed 
the molecular weights indicated in Figure 2. 

Adamantanes free from diamantanes were obtained by using a lower boiling 
portion of the HDC recycle stream. When the above experiments were repeated with a 
175' - 260°C fraction of the HDC stream, this time using the high-activity Pt/Beta (50 
Si02lA1203 ratio) at 260°C and 2.0 WHSV, conversion to lighter hydrocarbon was 
86%. The product "mixed methyl adamantanes" (MMAs) were virtually 
indistinguishable from those obtained with full-range HDC recycle, and material 
boiling higher than the MMA's (e.g., diamantanes) was c 0.1% of the product. 

MMA yield was substantial. With the 175' - 260°C feed, 9.1 g of MMA was 
obtained from 100 g of feed, representing 32% of the 3RN's. A second experiment, 
under slightly milder conditions, yielded 9.3 g of MMA, or 33%. The product MMA, 
separated from lower boiling hydrocarbons by distillation, was a colorless liquid with a 
density of 0.89 glcc. 

That the MMAs were associated with the recycle stream was further aflirmed by 
a "blank" experiment with Pt/Beta and the 135" - 210°C HDC heavy naphtha, at 255°C 
and 1.9 WHSV. The product containing only 0.6% MMA's, essentially all of which 
were bridgehead-methyl isomers boiling between 180° and 2OO0C. 

Yield of adamantanes was much lower in a refinery operating on light, 
conventional crude. When a 1 :1 blend of the light crude HDC recycle and the HDC 
heavy naphtha in Table 1 was processed over high-activity WBeta, the product 
contained only 0.9 % MMA's. 

A final experiment was conducted to probe for adamantanes in the crude supply 
to the heavy crude refinery. The feed was the hydrotreated kerosene, a stream which 
had never contacted a zeolite catalyst but which, given its 120° - 245°C boiling range, 
should contain any MMA's in the crude. As shown in Table 1, it analyzed 0.6% 3RNs. 
When processed over both PdlBeta and PUBeta, the products contained 0.4% MMA's. 
This result strongly suggests that, while some portion of adamantanes did enter the 
refinery with the crude, the bulk was being formed, either in the HDC (and possibly 
FCC) unit or in these noble metaVzeolite experiments. 

Formation of adarnantanes. A model compound was used to probe 
possible formation of adamantanes over Pt and PdlBeta catalysts under the conditions 
Of these experiments. Based on the adamantane literature and on commercial 
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availability, perhydrofluorene (PHF) was the selected for most of the experiments. 
Boiling at 253OC, it should convert to 1,3,5-TriMA, as depicted in Figure 1. 

The PHF to 1.3.5-TriMA conversion process was largely absent over zeolite 
Beta, for reasons which will be discussed below. Dissolved at 10% in HDC heavy 
naphtha and processed over high-activity WBeta at 265% and 1.6 WHSV, the yield of 
MMA's based on PHF was less than 5%. (PHF was 100% converted.) The very small 
amount of new MMA's in the product had methyl or ethyl groups on non-bridgehead 
Cabons, and little or none of the "end" product, 1,3,5-TriMA, was formed. A similarly 
low MMA yield was obtained with phenanthrene, a molecule which might be expected 
to hydrogenate and isomerize to 1,3,5,7-TetMA over a noble metaVzeolite catalyst. 

Choke of zeolite. Beta was selected for the first experiments because it is a 
member of a class called "large-pore' zeolites (18). a class which includes zeolite Y. 
The Beta pores, like those of Y, are formed from 12-membered rings of linked silicon 
and aluminum oxide tetrahedra. The opening of those pores in Beta is an elliptical 6.4 
x 7.6 A, while those of Y are a circular 7.4 A (19). Unsubstituted adamantane, a 
spherical molecule with a Van der Waals diameter of 7.4 A, is known to penetrate the 
Pores of zeolite Y (8 ) ,  but should have difficulty penetrating Beta, whose critical pore 
dimension is only 6.4 A. Thus Beta was the zeolite of choice for isolating 
adamantanes. It is noteworthy, with respect to this approach to adamantanes, that 
MMA's had been isolated earlier by hydrocracking narrow-boiling, laboratory crude 
extracts over 10% Pt-on-diatomite, at temperatures of about 430°C (20). 

Zeolite Y, while also effective in isolating adamantanes, was much more 
effective than Beta in generating them, as shown by experiments with PHF. When the 
PHF experiment described earlier was repeated over Pdp/ at 590°C and 1.7 WHSV, 
the product contained 3.5% MMA's which, when corrected for the heavy naphtha 
contribution. represented an approximately 27% yield based on PHF. Gc-mass spec 
showed four new non-bridgehead products, all C13 MMA's, and 1,3,5-TriMA was 
enhanced in concentration relative to the other bridgehead isomers. PHF. a C13 
molecule, was 100% converted. 

The PHF experiments demonstrated size-selective differentiation between 
zeolites Y and Beta, and they strongly suggested that some portion of the 
adamantanes isolated from these refinery streams were formed in the HDC unit and 
were only being concentrated in the experiments with Pt and Pd/Beta. 

Higher severe experiments with Pd/Beta further demonstrated the size- 
discriminating ability of this zeolite. When the contact time between HDC heavy 
naphtha and Pd/Beta was increased, the smallest of the MMA's were converted, 
namely, unsubstituted adamantane and 1 -MA. The larger MMA's presumably could 
not enter the pores of zeolite Beta and were essentially unconverted. With PcUY, at the 
same HDC heavy naphtha conversion levels, the relative reactivity relationships were 
reversed. The larger MMA's were preferentially converted. 

CONCLUSIONS 

These results show that adamantanes, while present in crudes, can both be 
formed and concentrated in certain refinery operations, most notably in an HDC unit, 
and that their amount depends on crude source, catalyst, refinery configuration, and 
operating conditions. A level of some 10% adamantanes is not unexpected in the 
175O - 26OOC portion of the HDC recycle stream in a refinery sourced by heavy crude. 
These adamantanes can be isolated very effectively from such streams by mild 
hydrocracking Over large-pore zeolite catalysts, such as zeolite Beta. 
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Table 1. 

Boil ing ranges and three-ring naphthene (3RN) contents of 

refinery streams tested for adamantanes. 

m' . .  ciu!%Ka 

Heavy crude HDC recycle stream 175 - 375 24 

Fraction boiling below 260' (46 %) 175 - 260 28 

Heavy crude HDC heavy naphtha 135- 210 1.2 

Light crude HDC recycle stream 175 - 290 3.4 

Heavy crude hydrotreated kerosene 120 - 245 0.6 

By mass spectrometry 
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Overall: perhydrofluorene 1,3,5-trimethyladamantane 
+ 

C13H22 ',,HZ 

Figure 1. A simplified reaction scheme for the preparation of 1.3,5-trimethyl. 
adamantane from perhydrofluorene (10). 

1-MA 

1,3,CTflMA Et414 . 
C I  4 

I ,3,5,7-TetMA a Et- 2a C15 
n 

2b 

Figure 2. (a) Gc trace snowing adamantanes isolated from 175" - 375°C heavy 
crude HDC recycle by processing over'Pt/Beta. (b) Adamantanes recovered from a 
deep gas condensate. Asterisks in 2a indicate peaks which match those in 2b and 
which have MMA molecular weights by gc-mass spec. 
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INTRODUCTION 
It was shown in literame that decalin (DHN) may be one of the potential endothermic jet fuels that 
can serve as the primary heat sink to cool the hot surfaces and system components [Donath and 
Hess, 1960; Lander and Nixon, 1987; Taylor and Rubey, 19871. Commercial decalin solvents 
from industrial hydrogenation processes consist of almost equimolar mixtures of cis- and trans- 
DHN. Although the physical properties of these two isomers are similar, their chemical properties 
are different. One example is their difference in thermal stability at high temperatures. We have 
previously shown that as jet fuel components, trans-DHN is superior to cis-DHN for high 
temperature application because the former is much more stable at high temperatures [Song et al., 
19921. The excellent thermal stability at high temperatures is desirable for future high Mach 
aircraft. Besides, trans-DHN has the desirable ability of inhibiting the solid deposit formation from 
jet fuels and their components at high temperatures [Song et al., 1994al. For example, adding 50 
vol% trans-DHN to a JP-8P fuel, n-tetradecane, and n-butylbenzene thermally stressed at 723 K for 
4 h significantly reduced the deposit formation from 3.1 to 0.1 wt%, from 3.0 to 0.1 wt%, and 
from 5.6 to 0.0 wt%, respectively. Although cis-DHN also has some potential industrial 
applications, it is desirable to convert cis-DHN to trans-DHN for fuel stability consideration at high 
temperatures. 

There has been much research on the catalytic hydrocracking or dehydrogenation of decalin under 
high pressures and at temperatures generally in excess of 673 K [Ritchie and Nixon, 1967; Shabtai 
e t  al., 1979; Constant et al., 1986; Mostad et al., 1990a,b; Nimz, 1990; Sousa-Aguiaret al., 19941. 
However, relatively little information about the conformational isomerization of cis-DHN into trans- 
DHN at lower temperatures is available. Petrov et al. (1977) reported the isomerization of cis- and 
trans-DHN on a nickel catalyst in the temperature range of 393-453 K. They claimed that the 
isomerization took place only in the presence of hydrogen. Our earlier exploratory work has shown 
that some mordenites and chemically modified zeolites may promote the isomerization of cis-DHN 
into trans-DHN at 523 K for 2 h under N2 environment [Song and Moffatt, 1993, 19941. This 
work extended previous exploratory studies on the catalytic isomerization of cis-DHN to trans- 
DHN. The objective of this work is to examine the effects of reaction conditions as well as catalyst 
properties on the catalytic reaction. An overall kinetic model for the catalytic reaction was proposed 
and empirical equations were presented to predict the selectivity. 

EXPERIMENTAL 
The chemicals, cis-DHN, trans-DHN, and DHN (an almost equimolar mixture of cis- and trans- 
DHN) were obtained from Aldrich Chemical Company and were used as received. Their purities 
(>99%) were analyzed in our laboratory using gas chromatography (GC) and gas chromatography- 
mass spectrometry (GC-MS). The six catalysts used in the catalytic isomerization reactions include: 
a hydrogen Y zeolite (HY), a metal ion-exchanged Y zeolite (LaHY), a hydrogen mordenite 
(HM30A). and three noble metal loaded mordenites (Pt/HM30A, Pd/HM30A, and WHMZOA). 
The noble metal loaded mordenites were prepared by dispersing the salt of platinum or palladium 
into the mordenites by incipient wetness impregnation method. The noble metal loading on the 
support was kept at nominally 6 wt%. The details of the preparation and properties of the catalysts 
are described elsewhere [Song and Moffatt, 1994; Schmitz et al., 19941. 

Catalytic isomerization reactions were carried out in 28-mL horizontal type stainless steel tubing 
bomb reactors, which were charged with 1 g of cis-DHN, trans-DHN, or DHN (7.23 m o l )  and 
0.2 g of catalyst, at 473-548 K for 0.15-8 h under an initial pressure of 0.79 MPa UHP N2 or Hz. 
The reactor was agitated vertically at 240 cycles/min to ensure the uniformity of concentration and 
temperature inside the reactor. After the reaction, the gas products were collected in a gas bag and 
were quantitatively analyzed using a Perkin-Elmer Autosystem GC equipped with two detectors, a 
thermal conductivity detector (TCD) and a flame ionization detector (FID). The liquid products 
were recovered by washing with acetone and were analyzed on an HP 589011 GC coupled with an 
HP 5971A Mass Selective Detector (MSD) and quantified by a Perkin-Elmer GC 8500 equipped 
with an FID. The catalyst was recovered and stored in a vial for thermogravimetric analysis 
performed later. More analytical details may be found elsewhere [Song et al., 1994bl. 

RESULTS AND DISCUSSION 
Calculated composition of equilibria. The equilibrium compositions of trans-DHN and cis- 
DHN at several temperatures were calculated to establish the theoretical upper limit of the catalytic 
conversion. The equilibrium constant (K) is related to the Gibbs energy change (AGO) by Q. (1) 

- AGO InK=- 
RT 

Using the data in Reid et al. (1987) for a binary mixture system of cis-DHN and trans-DHN, we 
have determined the general expression for the equilibrium constant as a function of temperature as 
shown in Q. (2) 
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R In K = + 14.83 In T - 0.0365 T + 1.885x10-’ T2 - 4 .49~10 .~  T3 - 85.2 (2) 

where R is the gas constant (8.3 14 J/mol-K) and T is the temperature in K. The computed heat of 
reaction, equilibrium constant, and composihon are shown in Table 1. It should be noticed that 
because of the exponential nature of Equation 1, the calculated results highly depend on the 
thermodynamic parameters used. For example, if the Gibbs energy was off by just 5-lo%, the 
estimation error for the equilibrium constant at 473 K may be as large as 16-3570. The calculated 
mixture compositions will be compared with experimental data following the presentation of 
experimental results. 

Effectiveness of zeolitic catalysts. Table 2 shows the products distribution from catalyzed 
isomerization of c i s - D m  using I-g commercial DHN (an almost equimolar mixture of cis- and 
trans-isomers) as starting reactant at 473 or 523 K under an initial pressure of 0.79 MPa UHP H2 
Or N2. Pt- and Pd-loaded mordenites, i.e., F’UHM30A, Pt/HM20A, and Pd/HM30A, are very 
effective catalysts under H2 atmospherz for the conformational isomerization of cis-DHN to trans- 
DHN even at low temperature, 473 K. The conversion selectivity towards trans-DHN reached 
nearly 100%; in other words, there were almost no side-products accompanying the isomerization. 
Take -30A as an example. The experimental final product composition of 92.3% trans-DHN 
and 7.3% cis-DHN at 473 K as shown in Table 2 is very close to the calculated equilibrium 
composition (95.3% trans-DHN, 4.7% cis-DHN), which is shown in Table 1 .  Although Pt- and 
Pd-loaded mordenites were effective catalysts under H2 atmosphere, they became less effective 
under N2 atmosphere (see Table 2). W 3 0 A  is a better catalyst than Pd/HM30A at 473 K under 
N2 atmosphere in terms of conversion and trans-DHN selectivity although they are almost equally 
effective under H2. It is interesting to look at the yield change of tetralin, which initially existed as 
an impurity (0.7 wt%), under different gas environment. Tetralin was completely hydrogenated 
into decalin under H2 environment because of the hydrogenation ability of Pt and Pd. On the other 
hand, the noble metals under N2 served to dehydrogenate the decalin to tetralin and thus increased 
the yield of tetralin. 

For the other three catalysts studied, HY, LaHY, and HM30A. they are much less effective than h- 
and Pd-loaded mordenites, and do not react at all at 473 K. It is also interesting to note that 
although the effectiveness of F‘t- and Pd-loaded mordenites depends on the gas environment (H2 or 
N2). H2 has no impact on the performance of LaHY. The data in Table 3 seems to show that the 
hydrogen Y zeolitc (HY) performed about as well as the metal ion-exchanged Y zeolite (LaHY), 
and HM30A is the least effective one among the catalysts studied. 

Reaction pathways and kinetic data. We further investigated the performance of LaHY and 
HY intending to get the kinetic data, These isomerization reactions were carried out using 1 g of 
cis-DHh’ instead of DHN mixture, and 0.2 g of catalyst, at 508-548 K for 0.15-8 h under an initial 
pressure of 0.79 MPa UHP N2, The experimental results are shown in Table 3. Isomerization is 
the dominant reaction under the conditions employed. The dominant products are two types of 
isomers: trans-DHN (from conformational isomerization) with as high as 81% selectivity (defined 
as the ratio of molar yield of the product to the conversion), and other decalin isomers from ring- 
opening or ring-contraction isomerization. Although cracking products are not shown in Table 3, 
they are in general small (less than 4% selectivity) except under severe conditions such as at 538- 
548 K for 1 h. There was no apparent dehydrogenation reaction from decalin to tetralin observed 
judging from the gradually decreasing yield of tetralin, which initially existed as an impurity in cis- 
DHN (0.27 wt%). 

Figure 1 presents the trans-DHN selectivity vs cis-DHN conversion plots for LaHY and HY 
catalysts at four different temperatures. There are a few features that may be pointed out from 
examining Table 3 and Figure 1. First, the more complete data in Table 3 seem to indicate that HY 
performs slightly better than LaHY in terms of criteria such as activity and selectivity. This 
observation is somewhat different from what we said earlier that they perform equally well judging 
from the data in Table 2 where commercial decalin was used as the starting material. Second, 
selectivity towards ?runs-DHN decreases with increasing temperature. This is not unexpected since 
the isomerization from cis-DHN to trans-DHN is exothermic, 13212 Jlmol (95 Jig or 3.16 , 
kcal/mol) at 523 K (our calculation in Table I). Third, the product (trans-DHN) selectivity 
decreases with increasing conversion level under isothermal condition, and displays a concave 
downward behavior, which could be empirically fitted by a second degree polynomial as 
demonstrated later. The trend of selectivity vs conversion in Figure 1 provided useful information 
about the reaction pathways. It implied that the reactions proceeded through a parallel-consecutive 
network [Bond, 19871. 

Based on the previous observations, a simple reaction pathway model for the catalytic reaction of 
cis-DHN to products was proposed. It should be noted that readers interested in more detailed 
mechanisms from cis to trans isomers may refer to the review by Weitkmp (1968). The overall 
reaction is modeled as the parallel-consecutive kinetic scheme shown in Figure 2. The 
isomerization between cis- and trans-DHN was known to be a reversible process; thus the 
interconversion between them was also included in Figure 2. However, our experimental data 
using both cis- and trans-DHN have shown that the forward reaction from cis- to trans-DHN is 
much faster than the backward reaction, i.e., kl >> kl. In addition, for the reaction condltions 
studied, the reactions were taken to be approximately first order. With these assumptions, the rate 
equations may be written as the following: 
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&% = - (kl + k2) A 
dt 

dt 

dt 

= kl A - k3 B 

&= k;? A + k3 B 

Equations 3-5 may be solved to give 

A/& = exp [-(kl+k2) t] = exp [- k tl 

C = A0 - A - B 

(6) 

(7) 

(8) 

B/Ao = [kl/(kl+k;?-k3)1 texp (-k3 t) - exp (- k 01 

Because we are mainly interested in the yield of trans-DHN and only limited data are available in the 
current work, we did not intend to find all the kinetic parameters. Instead, we used the 
experimental data to find the lumped rate constant k (equal to kl+k;? in Eq. 6) and then developed 
empirical equations to predict the product yield of trans-DHN. The procedures are described as 
follows. First, the rate constant k was determined by using Eq. (6) for all the experiments shown in 
Table 3. Then, the rate constant (k) was correlated by the Anhenius law as shown in Eq. (9) 

k = A* e-Ea I RT (9) 

where A' (h-I) is the frequency (or preexponential) factor, Ea is the apparent activation energy 
(kcalhol), and R is the gas constant (kcal mol-' K-l). The Ea and A values determined from 
Arrhenius plots are as follows: 

for HY Ea = 49.9 kcdmol and A' = 6.03 x 10'' h-' (10) 
for LaHY Ea = 54.6 kcdmol and A* = 3.36 x h-' (11) 

Third, empirical equations were developed to predict the product yield of rrans-DHk Based on the 
results in Figure I ,  we proposed that the selectivity of trans-DHN could be presented by a second 
degree polynomial as shown in Eq. (12) 

Selectivity of tr~ns-DHN = a1 + a;? X + a3 X2 + a4 T + a5 X T (12) 
where X is the cis-DHN conversion, T is the temperature in K, and ai (i=l, ..., 5 )  are the empirical 
parameters to be found. Using the data in Table 3, we have determined the parameters ai as 
follows: 

for HY Sel. = 1.938 + 0,779 X - 0.285 X2 - 0.00228 T - 0.0012 X T (13) 
for LaHY Sel. = 1.534 + 2.745 X - 0.082 X2 - 0.00146 T - 0.0054 X T (14) 

In order to check the reliability of these equations in predicting the conversion and selectivity, 
predictions based on equations 6 ,  10, 11, 13, and 14 are compared with experimental results. 
Figures 3 and 4, respectively compare the experimental selectivity and yield of trans-DHN to the 
values predicted from the empirical equations for both catalysts. The line corresponding to exact 
agreement is drawn as a diagonal. It is clear from Figures 3 and 4 that the predicted values are 
generally in good agreement with experimental values over a wide range of conversion. 

SUMMARY 
This work presented some exploratory studies on the effects of reaction conditions as well as 
catalyst properties on the catalytic isomerization of cis-DHN to trans-DHN. The theoretical 
equilibrium compositions of trans-DHN and cis-DHN at several temperatures were calculated and 
compared with experimental data. The catalytic reactions were studied under N;? or H;? environment 
using HY, LaHY, HM30A. Pt/HM30A, Pd/HM30A, and PtmM20A. Pt- and Pd-loaded 
mordenites are very effective catalysts under Hz atmosphere for the conformational isomerization of 
cis-DHN to trans-DHN at 473 K; however, they are less effective under N;? atmosphere. 
PUHM30A is a better catalyst than PdMM30A at 473 K under N2 atmosphere in terms of 
conversion and trans-DHN selectivity although they are almost equally effective under H;?. HY, 
LaHY, and HM30A are much less effective than Pt- and Pd-loaded mordenites, and their 
performance was not affected by H;?. Besides, they do not react at all at 473 K. HY performs 
slightly better than LaHY, and HM30A is the least effective one among the catalysts studied. 
Selectivity towards fruns-DHN decreases with both increasing temperature and increasing 
conversion level (under isothermal condition). A simple reaction pathways model containing 
parallel-consecutive kinetic scheme was proposed. The Ea and A* values for the cis-DHN 
conversion were determined from Arrhenius plots. Empirical equations capable of predicting 
product yields were also developed. In short, equations 6, 10, 11, 13, and 14 may be used to 
predict reaction conversion and major products. 
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Table 1. Calculated heat of reaction, equilibrium constant and composition for 
a binary mixture system of cis-decalin and trans-decalin 

Temperam Heat of reaction Equilibrium Composition (wt %) 

0 AH (J/mol) conStanla cis-DHN rmnrDHN 
473 - 13205.8 20.5 4.65% 95.35% 
508 -132 IO. 1 16.3 5.79% 94.21% 
523 ~ 13212.0 14.9 6.30% 93.70% 
538 -13213.7 13.7 6.82%. 93.18% 
548 - I32 14.6 12.9 7.17% 92.83% 
573 -13215.7 11.4 8.06% 91.94% 
623 , -13210.6 9.1 9.87% 90.13% 
673 -13192.9 7.6 1 I .69% 88.31% 
723 . I3 160.2 6.4 13.48% 86.52% 

a) Equilibrium constant for the reaction: cis-DHN c1 trans-DHN 

K= [trans-DHN] 
[cis-DHN] 

Table 2. Catalyzed isomerization of cis-decalin (starting reactant is 1-g commercial decalin) 
under an initial pressure of 0.79 MPa UHP Hz or Nz 

Catalyst Temp. Time Gas Product (wt % of f e d )  tnmdcir xc Se1.d 
Ype (K) fi) tm-DHN cis-DHN Tetralin Othersb ratio (%) 

n na 48.34 50.62 0.70 0.34 

0.41 12.7 
0.46 12.8 
0.55 11.5 
1.88 1.9 
1.23 - 1.3 
0.30 0.95 
14.44 3.5 
15.42 3.5 

LaHY 523 2.0 H2 65.79 16.73 0.59 16.89 3.9 
HM30A 523 2.0 N2 53.02 31.60 0.38 15.00 1.7 
a) This row presents the purity of as-received commercial decalin including 0.34% n-decane. 
b) Unreacted n-decane plus products of ring-contaction and ring-opening reactions. 
C) Conversion of cis-decalin (weight % of feed). 
a) Selectivity to rranr-decalin, defined as a fraction of cisdecalin conversion. 

43.4 1.00 
43.4 1.00 
42.7 1.00 
17.2 0.82 
8.2 0.75 
0 -  

31.6 0.56 
31.8 0.53 
33.9 0.52 
19.0 0.25 

\ 

f W M 3 0 A  473 2.0 H2 92.34 
Pd/HM30A 473 2.0 H2 92.31 
PUHMZOA 473 8.0 H2 91.50 
PmM30A 473 2.0 N2 62.40 
pd/HM3OA 473 2.0 N2 54.50 
LaHY 473 2.0 N2 48.29 
HY 523 2.0 N2 65.92 
LaHY 523 2.0 N2 65.15 

7.25 0 
7.23 0 
7.95 0 

33.46 2.26 
42.43 1.84 ' 

50.73 0.68 
19.04 0.60 
18.82 0.61 
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Table 3. Catalyzed isomerization of cis-decalin (starting reactant is 1-g 
cis-decalin) under an initial pressure’of 0.79 MPa UHP N2 

Catalvst: 0.2 e of LaHY 
temperature (K) 
residence timea (min) 
reaction timeb (min) 
product yieldC (wt 96) 

nanC-DHN 
cis-DHN 

rrm-/cis-DHN ratio 

cis-DHN conversionC 
rate constant, k (h-l) 
t rm-DHN selectivity 

temperature (K) 
residence timea (min) 
reaction timeb (min) 
product yieldC (wi %) 

rrMs-DHN 
cis-DHN 

trans-lcis-DHN ratio 
cis-DHN conversionc 

. -  
508 508 508 508 523 523 523 523 538 538 538 548 548 548 
60 120 240 480 30 60 120 120 9 18 60 9 18 60 
54 114 234 474 25 55 115 115 4 13 55 5 14 56 

7.4 11.5 22.7 43.0 20.4 29.0 47.7 46.3 11.7 32.7 50.4 24.2 37.9 42.5 
90.5 85.2 70.8 42.8 72.0 60.1 29.4 32.5 83.5 51.4 10.2 61.2 31.2 4.7 
0.08 0.13 0.32 1.00 0.28 0.48 1.62 1.42 0.14 0.64 4.94 0.40 1.21 9.08 
9.1 14.4 28.8 56.8 27.6 39.5 70.2 67.1 16.1 48.2 89.4 38.4 68.4 94.9 
0.11 0.08 0.09 0.11 0.78 0.55 0.63 0.58 2.62 3.02 2.45 5.83 4.92 3.19 
0.80 0.79 0.79 0.76 0.73 0.73 0.68 0.69 0.72 0.68 0.56 0.63 0.55 0.45 

Catalyst: 0.2 g of HY 
508 508 508 523 523 523 538 538 538 538 548 548 548 
120 240 480 30 60 120 9 I8 30 60 9 I8 30 
I14 234 474 25 55 115 4 13 25 55 5 14 26 

21.1 47.6 57.0 23.1 46.1 52.7 20.7 34.6 51.9 54.5 35.8 47.8 50.3 
73.9 37.8 23.0 69.3 36.8 25.6 71.6 51.1 19.4 7.4 45.9 23.1 10.2 
0.28 1.26 2.48 0.33 1.25 2.06 0.29 0.68 2.67 7.35 0.78 2.07 4.93 
25.8 61.8 76.6 30.3 62.9 74.0 28.0 48.5 80.3 92.2 53.7 76.5 89.4 
0.16 0.25 0.18 0.87 1.08 0.70 4.91 3.06 3.89 2.78 9.16 6.19 5.17 rate constant. k (h-l) 

r rm-DHN selectivity 0.81 0.77 0.74 0.76 0.73 0.71 0.73 0.71 0.64 0.59 0.67 0.62 0.56 
a) 
b) 
c) 

Reactor residence time in sand bath preheated to reaction temperature. 
Corrected reaction time (reactor residence time minus heat-up time). 
Based on the initial amount of cis-DHN. 

0.7 - 

0.5 1 + 

0 508K(LaHY) 
e 508K(HY) 
A 523K(LaHY) 
A 523 K (HY) 
0 538K(LaHY) . 538 K (HY) 
-t 548 K (LaHY) 
” 548K(HY) 

0.4 
0.0 0.2 0.4 0.6 0.8 1.0 

cis-Decalin conversion 

Figure 1. trans-Decalin selectivity vs cis-decalin conversion plots for LaHY and HY 
catalysts at four different temperatures. 
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Figure 2. Proposed overall reaction pathways for 
the catalytic reaction of cis-decalin. 

0.9 - 

0.8 - 

0.4 0.5 0.6 0.7 0.8 0.9 
trans-DHN selectivity (Experimental) 

Figure 3. Predicted versus measured values of trans-decalin selectivity 
for the catalytic isomerization of cis-decalin using HY 

and LaHY at 508-548 K for 9-480 min. 
. 

9 * 

a 
2 
b 
I .- 
h 

0.6 - 
0.5 - 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
trans-DHN yield (Experimental) 

Figure 4. Predicted versus measured values of trans-decalin yield 
for the catalytic isomerization of cis-decalin using HY 

and LaHY at 508-548 K for 9-480 min. 
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